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ABSTRACT 

Conventional cement grout may not meet all requirements of fracture sealing 

for environmental engineering and nuclear waste isolation due to limitations of 

its chemical and physical stability, and large particle size. A bentonite grouting 

technology should be developed. 

The work reported presents an experimental evaluation of the effectiveness 

of bentonite fracture grouting on densely welded Apache Leap tuff and theoretical 

and numerical analyses of the grout penetration process, pressure distribution in 

the fracture during grouting, grout delivery distance and breakthrough pressure, 

as well as bentonite stability and erosion tests and rheological characterization. 

Bentonite suspensions with solids content of 18, 20 and 22% by weight have 

been injected into single fractures in rock samples under 0.07 to 3.45 MPa injection 

pressure. The fracture is a natural fracture or a tension-induced fracture. After 

grouting, the hydraulic conductivity of the fractures has been significantly reduced, 

to the level of 10-7 to 10-9 cm/s, 7 to 9 orders in magnitude lower than that of 

the ungrouted fracture. The hydraulic conductivity of the grouted fracture is lower 

than that of the rock matrix, during the first stage of flow testing. Theoretical and 

numerical analysis results indicate that the grout penetration process, grout deliv

ery distance and the breakthrough pressure are related to the fracture aperture, 

stiffness of the fracture, the shape of the fracture and the yield stress of the grout. 

Groutability of rock fractures for bentonite grouting has been studied theo

retically and numerically in terms of breakthrough pressure and delivery distance. 

Analytical solutions of pressure distribution during grouting in wedge shaped frac

tures and in a fracture with a constant aperture have been derived. The analytical 

solutions are based on stress equilibrium and Bingham plastic fluid flow. Influence 

factors on pressure distribution in a fracture have been identified, such as yield 

stress, fracture shape, original aperture, deformation properties of the rock mass 

and the fracture, mixing of air in a grout and sample size. Based on pressure 

distribution in the fracture during grouting, a mathematical solution of grout de

livery distance under a given injection pressure for wedge-shaped fracture has been 
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developed. A new breakthrough criterion has been proposed, based upon fracture 

aperture and the particle size of the grout. 

A numerical approach has been adopted to study the breakthrough pressure, 

based on the mechanical deformation of the fracture in response to a normal stress 

across the fracture and to the grout pressure within the fracture during grouting. 

The mechanical deformation of the fracture along with its original aperture controls 

which particle size of grout is acceptable for such injection pressure. A fracture 

layer model has been established for such numerical analyses. 

The breakthrough process concepts for grouting fracture with minute aper

ture have been established. For a minute fracture, the aperture is smaller than the 

maximum particle or clot size. The breakthrough pressure must widen the fracture 

aperture sufficiently and the pressure must then drive grout into the fracture. 

Grout erosion has been studied under long-term and up to 121 kPa hydraulic 

pressure How testing. After 1,000 to 5,000 hours of How testing under gradient of up 

to 91 em/em, the hydraulic conductivity of the grouted fracture does not increase 

with test time. The hydraulic conductivity of the grouted fracture decreases with 

increasing pressure gradient up to the wash-out pressure. 

Some disadvantages of bentonite grout have been identified. A high pressure 

gradient can produce hydraulic fractures in the grout and can wash away grout 

particles along hydraulic fractures, channels and shrinkage cracks. 
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CHAPTER 1 

INTRODUCTION AND OVERVIEW 

1.1 Introduction 

Fractures in rock masses are preferential flowpaths for the seepage of groundwater 

and gas. Fractures in rock around dams, tunnels, mines, boreholes, around the 

outside of the contaminated region around the recovery wells of decontamination. 

underground nuclear waste repositories and other underground structures must be 

properly sealed to retard and limit water flow. Grouting is widely used in civil. 

mining and environmental engineering as well as waste isolation to reduce the 

hydraulic conductivity of soil and rock masses. 

As early as the 19th century, grouting was used to repair dams damaged by 

piping or erosion, and to prevent leakage during dam construction (Houlsby, 1990, 

Ch. 10, pp. 270-279). In civil engineering, grout curtains are emplaced to reduce 

the flow of water through foundations. 

Seeping water in mines, considered as "a hazard and a nuisance", is a prob

lem and a potential cause of accidents (;\Ioebs and Sames, 1989), and when severe. 

frequently is controlled by grouting. In underground mines, when entries are seale~ 
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by concrete plugs, grouting is usually used to control mine floods and the polluted 

waters that escape through discontinuities, faults and fractures in the rock mass 

(~'1ining 'Vaste Study, 1988). 

Grouting has recently been used against hazwaste, mainly in the form of 

positive cutoff slurry walls (\Veaver et al., 1992). Continuously pumping recovery 

wells can extract contaminated ground water, thereby producing large volumes of 

water to be treated. At an industrial landfill near Niagara Falls, a single grout 

curtain reduced significantly the amount of inflowing ground water from outside 

the site ('Veaver et al .. 1992). Vipulanandan and Leung (1992) have conducted a 

laboratory test using 0.1 % bentonite solution to seal cracks in clay barriers in a 

hazardous waste storage and disposal facility. Results show that a 0.1 % solution of 

bentonite can reduce the hydraulic conductivity of the cracked clay from 2 x 10-7 

to 3 X 10-8 cmjs within 25 hours of treatment. 

Sealing fractures in the immediate vicinity of boreholes, shafts. ramps, 

repository horizon tunnels and emplacement chambers requires development in 

technologies such as sealing methods and sealing materials. Repository sealing re

quires penetration of sealing materials into the host rock to ensure that fractures 

are sealed to prevent significant amounts of ground water from entering the waste 

emplacement region of the repository and to prevent radionuclides from reaching 

the biosphere in amounts exceeding acceptable levels (Basham, 1980). 

Rock fracture sealing for nuclear waste repository and environmental engi

neering requires that the sealing barriers have a low permeability, a long lifetime 

and a high resistance to erosion. Gyenge (1980) pointed out that a desirable grout 
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should leave a dense, impermeable solid, have low wetting, drying and thermal 

shrinking, have sufficient deformability to allow for rock movement without de· 

veloping cracks, be inert to sulphate, H+, chloride ions and other solutes in the 

groundwater of the grouted site, have a low leach rate in the presence of ground· 

water, have a good bonding strength, have ability to retard radionuclides and have 

exceptionally long-term durability. Sealing materials should provide geochemical 

compatibility with the host environment (Meyer et al., 1980). Bentonite and ce· 

ment have been identified as likely candidate fracture sealing materials. 

Traditional cement grouting may not meet all the requirements of fracture 

sealing, because of limitations of its chemical and physical stability and because of 

its large particle size. Since most solid phases in cement are metastable, it is likely 

that cement seal performance would degrade with time (Alcorn and Coons, 1989). 

Cement grout can also degrade under acidic, sulfate·rich, or carbon dioxide·rich 

conditions, and under thermal cycling (Gnirk, 1987). 

Bentonite may be one of the most promising sealing materials (Gnirk, 1987). 

Bentonite has an extremely low hydraulic conductivity, :.ts self-healing, has fine 

particle size, and its longevity has been demonstrated in nature. Current plans for 

fracture sealing for nuclear waste isolation also require use of natural materials as 

sealants as much as possible (Fernandez and Hinkebein, 1990). A seal with natural 

materials blends more easily with the natural environment than concrete materials 

(Blair et al., 1992). 

In this investigation, only sodium based bentonite and water are used as 

sealing materials. Bentonite and water are natural materials which are less chem-
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ically sensitive when in contact with a host rock mass and with groundwater. It 

may be expected that bentonite grout sealing barriers can have long-term perfor

mance and can be fully compatible with groundwater, nuclear waste, rock mass 

and thermal changes. 

The use of bentonite and water only as fracture grouting materials is not well 

studied. Not only are test results lacking, but methods for conducting such tests 

are not well developed. Especially, the injection of bentonite suspensions into rock 

fractures and some theoretical as.pects of seal performance of bentonite grouting 

remain far from being well understood. Uncertainties include the efficiency of the 

bentonite grouting, the grout ability of a fracture in rock, the mechanism of water 

movement in saturated grout and in shrunken grout, the formation of channeling 

and the flow properties of bentonite suspensions, such as viscosity, shear strength, 

gelation and yield stress. 

1.1.1 Objective 

Fracture sealing with suspensions of bentonite and water addresses primarily the 

performance of bentonite grout in rock fractures to identify the conditions un

der which a bentonite slurry may be expected to penetrate rock fractures and to 

seal pathways of possible fluid flow in a rock mass. The second objective of this 

investigation is to study the groutability of rock fractures fundamentally and ex

perimentally, especially for fractures with aperture less than 100 pm. This research 

also assesses the washing-out pressure, and the longevity or erodibility of bentonite 

grout as well as the rheological characterization of bentonite grout and the stability 



of bentonite suspensions. 

1.1.2 Scope and Limitations 

The \vork reported herein includes fracture grouting by pressure injection of rock 

iractures and of simulated fractures in plastic plate models, and the study of water 

movement in dried and shrunken bentonite grout. This investigation also includes 

a study of the influence of channeling, hydrofracturing aIld shrinking in grout on 

washing out of solid particles, on hydraulic conductivity, on self healing and on the 

ultimate sealing performance. 

Some aspects related to perfonnance of bentonite fracture grouting have 

been investigated theoretically. Theoretical aspects studied include determination 

of the breakthrough pressure, the pressure distribution in the fracture during grout

ing, and the penetration distance. Some preliminary study has been focused on 

the grout ability of rock fractures, breakthrough criteria, and methods to improve 

the effectiveness of bentonite fracture sealing. 

1.1.2.1 Fracture Grouting 

Fracture grouting with bentonite suspensions has been conducted on a natural and 

on an artificial single fracture in rock samples of Apache Leap tuff in saturated 

or in unsaturated conditions. Some fracture grouting tests have been conducted 

on simulated fractures in plastic plate models for erosion and wash-out tests and 

for water flow tests through dried and shrunken grout. The effect of bentonite 
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fracture sealing, especially when a normal stress is applied to the fracture, has 

been estimated by hydraulic conductivity tests prior to and after grouting. The 

minimum required injection pressure or breakthrough pressure necessary to initiate 

grout penetration, and the pressure required to deliver grout to a certain distance 

have been measured for suspensions with varied bentonite solids content. A new 

grout emplacement technology, repeat injection, is proposed to inject bentonite 

into fractures in unsaturated environmental conditions. 

The fracture grouting tests are conducted while a single fracture is under 

normal stress. The sample diamet.er is about 6 inches {15 em}. The fracture in the 

rock sample is natural or artificial. The artificial fracture is tension-induced. The 

aperture of the fracture is adjustable in order to study the sealing effectiveness 

of bentonite suspension as a function of the aperture. Suspensions with varied 

solid concentration have been injected into the fractures. The bentonite content in 

suspension is 18, 20 or 22% by weight. 

Prior to and after grouting, flow tests are conducted by the falling head 

radial flow method. The injection pressures applied for flow testing are as similar 

as possible for each test and for the grouted and the ungrouted fractures. 

1.1.2.2 Breakthrough Pressure and Groutability 

Groutability of rock fractures has been studied theoretically and numerically in 

terms of breakthrough pressure and delivery distance. Groutability is the major 

concern for a successful grouting to seal fine fractures. Analytical solutions of pres-



sure distribution during grouting in wedge-shapec1 fracture and in a fracture with a 

constant aperture have been derived. Pressure distribution determines the fracture 

deformation and the grout breakthrough. The analytical solutions of the pressure 

distribution in the fracture dt4-iug grouting and the grout delivery distance are 

derived based on stress equilibrium and Bingham plastic flow. Influence factors on 

pressure distribution in a fracture have been identified, such as yield stress, fracture 

shape, initial aperture. defomlation properties of the rock mass and the fracture, 

the mixture of air in grout. and sample size. Based on pressure distribution in the 

fracture during grouting, a mathematical solution of grout delivery distance tlllder 

a given injection pressure for wedge-shaped fractures has been developed. A new 

breakthrough criterion is proposed, based upon fracture aperture and the particle 

size of the grout. 

A numerical approach, based on a fracture layer model, is adopted to study 

the breakthrough pressure, based on the mechanical deformation of the fracture in 

response to a normal stress across the fracture and to the grout pressure within 

the fracture during grouting. The mechanical deformation of the fracture along 

with its initial aperture controls which particle size of grout is acceptable for such 

injection pressure. A fracture layer model has been established for such numerical 

analyses. 

Breakthrough process concepts for grouting fractures with minute aperture 

have been established. When the aperture is smaller than the maximum particle 

or clot size, the breakthrough pressure must widen the fracture sufficiently and the 

pressure must then drive grout into the fracture. 
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1.1.2.3 Resistance to Erosion 

Chemical and physical stability of bentonite grout are two major concerns regarding 

its long-term sealing performance. Swelling, adsorption, plasticity, permeability 

and shear strength of the grout are the most important factors which influence 

the long-term performance of the sealing barriers. Bentonite grout particles are 

subjected to drag forces resulting from ground water seepage through channels, 

hydrofractures and shrinkage cracks. Isolation barriers may lose the ability to 

retard water when flowing water carries away solid particles and cations, and causes 

cation exchanges between the flowing water and the grout. 

The erosion of bentonite grout is studied by flow testing. The grout hy

draulic conductivity variation over long-term testing is influenced by the chemical 

and physical changes of the grout, and the results of grouting wash-out along hy

drofractures, channels and shrinkage cracks under high hydraulic pressures. 

The erosion of bentonite studied here refers to a slow process of grout re

sponding to contact and reaction with water, both physically and chemically. These 

contacts and reactions may involve a phase change, microstructure variation and 

a degrading of grout ability to resist water flow. In this study, all these changes 

or erosions are interpreted in terms of the changes of the hydraulic conductivity of 

the grout under long-term flow testing with sequences of increasing and decreasing 

pressure gradients. It has not been possible to study quantitatively the variation of 

cations, phase change, adhesive strength of bentonite particles and microstructure. 

because those studies are expensive and time consuming. If any abovementioned 
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change does not cause an increase of grout hydraulic conductivity over the long 

test time, the grout is considered stable in terms of fracture sealing. 

The wash-out test studies the mechanical interaction betweer~ grout particles 

and hydraulic pressure, determining the maximum pressure that can be applied on 

bentonite grout without grout failure. Hydraulic fractures, channels and shrinkage 

cracks are preferential flowpaths for water flow. Grout in hydrofractures, channels 

and shrinkage cracks has a low shear strength due to low solids concentration. 

'When water flows through such paths wash out may take place. Flowing water 

can wash away bentonite particles, can extend and enlarge flow channels, and can 

carry away cations. The wash-out process is a sudden failure process, a mechanical 

failure, of the grout. 

The purpose of the erosion and wash-out tests is to describe the influence of 

bentonite content in grout on erosion resistance, to provide empirical information 

about hydraulic conductivity changes when a grouted sample is subjected to varied 

pressure gradients, and to estimate at what pressure gradient the grout sealing 

performance may be affected, detrimentally or beneficially. 

1.1.2.4 Flow of Water in a Grouted Fracture 

The purpose of studying water flow in bentonite grout is to identify the mechanism 

by which the grout conducts water, and to develop technologies to improve the 

effectiveness of bentonite fracture sealing. This includes the study of the hydraulic 

conductivity of the grout responding to the applied hydraulic pressure heading, 
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under loading and unloading conditions. Grout may be consolidated after high 

pressure load. Its density may be increased and its porosity may be decreased. The 

pore size, pore size distribution and swelling pressure of grout may be changed and 

the permeability of the grout can be expected to be reduced. 

The water flow in dried and shrunken grout in a fracture has also been 

studied. The study provides an understanding of the influence of bentonite swelling 

and shrinkage on fracture sealing quality. The shrinkage cracks in a fracture form 

interconnected channels that provide preferential flowpaths. If the swelling velocity 

of dried bentonite is slower than that of the water flow, the water can flow through 

the bentonite barriers when the grouted fracture saturates again. The study of 

water flow in shrunken grout may help understanding the possibility of grout re

injection into the spaces to form denser barriers after grout shrinking has occurred. 

This study can determine the resaturation pressure and wetting depth. 

1.1.3 Organization 

This introductory and overview chapter briefly summarizes the fracture sealing 

requirements, fracture sealing materials and emplacement technologies for nuclear 

waste isolation, and reviews some research that has been conducted on fracture 

sealing with bentonite and bentonite mixes. 

Chapter Two presents theoretical and numerical analysis of the grout break

through process and breakthrough pressure. Grout pressure distribution in the 

fracture during grouting has been determined analytically. A conceptual and an-
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alytical model of grout penetration has been established. An extensive discussion 

of the factors that influence breakthrough pressure is presented. 

Chapter Three gives the analysis and the results of grout characterization, 

such as bleeding capacity, bleeding rate, flow and shear properties of grout sus

pension and yield stress. The erosion and wash-out test methods and results are 

presented as well as water flow in the dried and shrunken grout under varied pres

sure head. 

Chapter Four describes the fracture grouting system and procedures. An 

extensive discussion of grouting procedures, concerns and special cares is given. 

Comprehensive and detailed descriptions of bentonite fracture grouting 

tests, and discussions of the results of each test are given in Chapter Five. The last 

part of Chapter Five discusses the groutability of rock fractures, grouting pressure, 

and the hydraulic conductivity reduction of the bentonite grout. 

The last chapter presents summaries, discussions and conclusions of the per

formance of fracture sealing with bentonite grouting, and grout suspension char

acterizations. The last part of Chapter Six presents future research required for 

confirmation and development. 

Appendix A gives procedures of the grout preparation, and apparatus. 

Graphical presentations of the hydraulic conductivity of the ungrouted fractures 

are given in Appendix B. Flow testing results for ungrouted and grouted fractures 

are tabulated in Appendix B. Appendix C gives the results of the flow testing of 

the rock matrix. Results of grout erosion and wash-out tests, and of water flow 
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through the dried and shrunken grout are tabulated in Appendix D and Appendix 

E, respectively. Appendix F gives the rock sample designation coding system. In 

Appendix G node coordinates of finite element meshes are derived. 

1.2 Fracture Sealing 

1.2.1 Fracture Sealing Materials 

Potential materials for fracture sealing in nuclear waste isolation have been identi· 

fled according to their natural and engineering performances and the requirements 

of fracture sealing emplacement technologies. Natural earthen materials (clays) 

and cementitious materials (ordinary portland cement, high early strength cement, 

high sulfate resistant cement, expansive cement and microfine cement) are recom· 

mended by numerous investigators (Taylor et al., 1980; D'Appolonia Consulting 

Engineers, 1980; Pusch et aI., 1985; Gray, 1986; Gnirk, 1987). 

1.2.1.1 Requirements of Fracture Sealing Materials for Nuclear Waste 

Isolation 

The general functions of the repository seals are to eliminate fluid flow into the 

repository, and to prevent radionuclides in the waste from reaching the biosphere in 

excess of acceptable levels. The primary objective of fracture sealing is to provide 

engineering barriers to isolate the radioactive waste from the accessible environment 

for a desiri!d period of time. 
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Groundwater is the major carrier of radionuclides transported from the 

waste emplacement region to the accessible environment by dispersed, colloided 

and suspended materials in water. Restricting groundwater flow through the ac

cess openings and flow away from the waste emplacement chambers becomes a 

primary strategy of fracture sealing. 

Fracture sealing materials for nuclear waste isolation has special require

ments. Fracture sealing fills fractures resulting from construction (e.g. blasting, 

stress redistribution) and natural joints and faults. Fractures, joints and faults 

could short circuit seals placed in shafts, ramps, tunnels and boreholes. Frac

tures to be sealed are often in complicated conditions, such as in unsaturated rock 

(Yucca Mountain) and in a high temperature environment over 100° C for more 

than 1,000 years (Figure 1.1. Lawrence Livermo;e National Laboratory, 1988) for 

fractures close to the wall of the waste emplacement chambers. The desired frac

ture sealing materials for applications of nuclear waste isolation should (Gnirk, 

1987; Pusch et al., 1980; Taylor et al., 1980; Roy and Bums, 1982): 

(1) have low hydraulic conductivity, to minimize water percolation and to 

reduce the rate of diffusion of radionuclides; 

(2) have swelling ability, to guarantee complete filling of fractures, especially 

in case of small rock displacements. 

(3) have ability to adsorb radionuclides, resistance to radionuclide transport; 

( 4) be mechanically adequate, in some cases self-supporting, and bond well 

to the host rock; 
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Figure 1.1: Calculated waste-package temperatures. For some waste packages. the 
borehole wall could remain above the local boiling point for as long as 1000 years 
(after Lawrence Livennore National Laboratory, 1988). 
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(5) restrict severely the permeation of fluids, particularly in the interfacial 

zone between seal materials and high integrity host rock, and any disturbed zone; 

(6) have non-brittle behavior to prevent the formation of cracks and fissures 

in the isolation oarrier; 

(7) have a fairly high heat-conducting capacity; 

(8) have self healing ability, so that when a local reduction of density of 

grout or formation of a local open space in a fracture is caused by rock mass 

displacements or fracture opening, the grout guarantees that such defects disappear 

and that uniform conditions can be recovered; 

(9) have longevity, physical and chemical stability, to guarantee long term 

performance, be chemically durable, compatible with the surrounding rock mass 

and groundwater environment in the seal zone, resistant to destructive expansion 

and contraction; 

(10) be emplaceable by feasible techniques, such as pressure injection and 

dynamic injection. 

1.2.1.2 Bentonite 

Bentonite has an excellent sealing performance, ability to adsorb radionuclides 

and good heating conducting capacity, and has been selected as a major seal

ing component for borehole seals in several repository concepts. Bentonite has 

good hydraulic and chemical stability as well as fracture healing properties that 
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would provide effective long-term sealing (Gnirk. 1987). \Yhen dense confined ~a 

bentonite is wetted, a swelling pressure of 1 to 15 MPa will build up and leads 

to perfect integration of the bentonite and the host rock (Pusch and Borgesson, 

1989). Bentonite suspension can penetrate minute artificial fractures, can reduce 

fracture permeability greatly and can produce gel at low concentration (Ran and 

Daemen, 1991). \\Then bentonite takes up water from the surrounding rock mass, 

it swells and ultimately seals joints. fractures and voids, or local pathways in the 

grout caused by slight rock displacements (Pusch et al., 1982). 

Bentonite has plastic properties when fully saturated, forming a well

compacted, parallel-bedded, porous stnlcture, which is desirable to isolate radionu

clides from radioactive waste disposal. It undergoes very slow geological evolution, 

as the local conditions change (Jefferies et al., 1987). 

The sorption of radionuclides on bentonite particles can retard or slow down 

transport of the radionuclides through the seal barriers and can strongly affect 

the release of radionuclides from the waste location. The retardation effect may 

completely prevent the release of the short-lived isotopes and may delay the release 

of longer lived isotopes sufficiently to allow for significant decay. Hodges et al. 

(1982) report that Sr, Cs and Am are strongly sorbed on bentonite, Np and U 

are moderately sorbed on bentonite, and iodine in tuff groundwater sorbs more 

strongly on bentonite. Marivoret et al. (1989) report that most radionuclides 

decay to negligible levels within the first few meters of the clay barrier. This 

conclusion has been reached after conducting an underground in situ test. 

All of the nuclides 13i CS. 22'JTh, 2H Am and :l34 Am would decay to insignif-
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icant concentration levels before breakthrough, asswning aIm thick bentonite 

barrier. For 9OSr, 239pu and :HOpu a significant reduction of the concentration 

would be expected (Torstenfelt et al., 1982). 

Bentonite has low ionic diffusion. As reported by Cheung and Gray (1989), 

for Mx-80 bentonite, the coefficient of diffusion varies from 45 to 260 x 10-12 m2/s 

for Cs+ at 1.25 Mg/m3 bentonite density, and 2 x 10-12 m2/s at the density of 1.75 

1Ig/m3 • For CI- and 1-, the coefficient. of diffusion varies from <0.1 to 1.5 x 10-12 

m2/s. 

According to Hodges et al. (1982), water moves into the compacted clay 

rapidly and reacts with the clay causing the clay first to expand. Then, the move

ment of liquid water through clay becomes a much slower process. \-Vater can be 

forced through a thin sample rather quickly. Liquid water breakthrough under 15 

MPa water pressure requires 5 to 6 days for a bentonite sample 0.5 cm think and 

12 tv 14 days for a bentonite sample 1 cm thick. However, a 2 cm bentonite sample 

has been under 15 MPa pressure for almost one year without breakthrough of liq

uid water. The delay in penetration can be explained because of the low hydraulic 

conductivity and high swelling pressure that develops in the clay layer adjacent to 

the water source. The difficulty involved in transporting liquid water through this 

initial zone of saturation makes saturation of the remainder of the sample a very 

slow process (Hodges et al., 1982). 

Thermal diffusivity measurements for dry, compacted (2.1 g/cm3 ) sodium 

bentonite indicate that the thennal conductivity of a high density bentonite backfill 

should be roughly similar to that of silicate tuff rock (Hodges et al., 1982). 



38 

Selvadurai and Cheung (1991) have conducted laboratory experiments to 

investigate the pressure head-induced moisture movement in a bentonite buffer. 

According to Selvadurai and Cheung, compacted bentonite possesses the ability to 

conduct the heat generated by the model heater to the surrounding granite rock 

mass. The time dependent temperature distributions within the granite block pro

vide an indication of long-term thermal efficiency of the buffer region. The results of 

the experience with a duration of 2,200 hours indicate that the temperature within 

the granite block in a plane close to the mid-section of the heater and 60 mm from 

the borehole surface reaches a maximum of 70° C after approximately 700 hours, 

and decays to a stable value of 62° C (Figure 1.2). This reveals that bentonite ex

periences either a reduction in its heat conduction characteristics due to moisture 

depletion within the entire mass, or develops contact resistances to heat conduc

tion at the interface due to the shrinkage associated with moisture movement. At 

temperatures in the 100° C range, the moisture depletion from the buffer region 

does not lead to any extensive shrinkage cracking or thermomechanical damage in 

the compacted buffer region (Selvadurai and Cheung, 1991). 

\Vood (1983) studied the stability of sodium bentonite at 300° C using a 

simulated Grande Ronde groundwater. He notes that montmorillonite remains 

sufficiently stable at 300° C hydrothennal conditions. He finds a gradual reduction 

of the pH value from 10 to a steady-state value of 6, an initial rapid increase 

followed by a gradual reduction in silica concentration, and a slight or negligible 

increase with test time in sodium, sulfate and chloride concentration. 

One concern about the chemical stability of the bentonite seal IS that 
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. the chemical properties of bentonite may change in time as groundwater diffuses 

through bentonite barriers. Ion exchange can convert the sodium bentonite into 

calcium bentonite, which in tum affects the migration of cationic radionuclides. 

The hydraulic conductivity of such alternative bentonite barrier may increase, and 

its swelling ability may decrease. Jacobsen and Carnahen (1988) studied such prop

erties of sodium bentonite by numerical simulation. The numerical model simulates 

the diffusion and transportation of major ionic groundwater components through 

bentonite and reactions bctween bentonite and groundwater from deep granitic 

formations. Results indicate that the conversion of sodium bentonite to calcium 

bentonite occurs quite slowly. At a simulation of 1000 years, the concentration of 

the sorbed sodium has decreased by a factor of two only in a 0.5 m thick annulus 

of bentonite. 

1.2.1.3 Cement 

Cement grout, including portland cement and microfine cement, is strong and 

dense, and has low permeability with carefully controlled mixing and emplacement 

with low water to cement ratios. For application to repository sealing, cement 

offers the following advantages: low hydraulic conductivity, familiar utilization in 

engineering projects, familar emplacement technology and extensive research for 

sealing programs (Gnirk, 1987). 

Problems rcgarding the performance of cement in a radioactive waste repos

itory concern nuclear waste and environmental engineers. The sealing performance 

of cementitious materials in nuclear waste isolation is uncertain (Gnirk, 1987). Ex-
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Figure 1.2: Time-dependent variation of temperature within a granite block in 
which a heater operates inside a bentonite buffer. Radial temperature distribution 
at the mid-section level of the heater for the mid-section heater temperature of 
100° C (from Selvadurai and Cheung, 1991). 
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Table 1.1: 'Vater penneability of cement grout cast and cured at 38° C in 50.8 mm 
diameter stainless steel rings (from Roy and Burns, 1982) 

Time I Sample Height Pressure Interval Penneability· 
( days) (number) (mm) (1IPa) (h) (10-8 Jlm2) 

3 801651 25.4 0.63-2.95 94 <2.0 
7 801652 25.2 0.70-2.79 163 <1.1 
28 801653 25.8 0.72-2.76 172 <1.2 
56 801654 27.6 0.87-2.79 71 <2.7 
90 801660 26.8 0.79-1.02 73 <5.4 

365 801656 26.8 0.69-3.11 -? 4_ <8.8 

* calculated value assuming 1 ml has passed through the sample during the total 
time of the test under an average of the test pressures. 

perience suggests that the interface between cement grout and host rock has higher 

hydraulic conductivity (Gnirk, 1987; Pusch et al., 1988). Experiments conducted 

for Stripa project show that a cement-filled slot does not reach a hydraulic con-

ductivity as low as cement grout itself (Pusch et al., 1988). Houlsby (1990, p. 150) 

shows large unfilled bleed passages in cement grout in grouted fractures. Unfilled 

bleed passages cause interface flowpaths. Cement materials have limited expansive 

and shrinkage properties. If the grout is under a small compression, applied by the 

fracture surfaces, an unfilled layer, resulting from bleeding effectively increases the 

interface hydraulic conductivity. The small swelling of the cement consequently 

can not fill the interface flowpaths. Cement pore water has high pH due to al

kali hydroxide dissolution (Berner, 1987), which leads to erosion of cement and 

rock masses. Jefferies et al. (1987) point out that contact between groundwater 

and the cementitious materials can release a plume of alkaline hydroxides into the 

surrounding host rock. 
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The sorption of cesium on cement is low, and the diffusivity of cesiwn in 

the hydrated cement is high (Andersson et al., 1981; Atkinson and Nickerson. 

1988). The leachability of cesium from the cement matrix is low enough to be 

acceptable only when the cement is mixed with a material having a significant 

sorption capacity, such as normal bead or powdered ion exchange resins (Torstenfelt 

and Hedin, 1989). 

Cement grout sealing performance may not be satisfactory at temperatures 

above 100° C (Gnirk, 1987). The thermal conductivity of the sealing barriers 

affects the thermal history of the waste package. The thermal conductivity of the 

sealing barriers should not be significantly lower than that of the host rock. If 

the thermal conductivity of the seal barrier is significantly lower than that of the 

host rock mass. the waste package can experience an increased temperature. The 

prevention of such an increase in temperature is very important during the early. 

high-temperature phase of waste package life. 

Cement is chemically and mineralogically complex. Chemical properties of 

cement playa more important role for radionulide immobilization than its phys

ical properties, especially its long-term performance. It is difficult to determine 

all its chemical properties. Amorphous phases such CaO. Si02 , H20, AI. Fe and 

Na20, are soluble. Soluble components may react with radwaste to form complex 

precipitates. Thus the phase structure may be changed, and the original chemical 

potential for immobilization of radionuc1ides may be modified. Although the long

term performance of cement grout is dominated by chemical features, the physical 

structure of the matrix is relevant, e.g. with respect to flow and mechanical prop-
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erties. 

Cement grout is a mixture of large quantities of different materials. The 

mix proportion of the materials may not be controlled as exactly as required. All 

material components may not be well mixed. The non-uniform distribution of 

material components in grout may cause physical and chemical instability. 

Seepage waters in contact with the cement grout contain ions and organic 

acids liable to attack the cement paste. If those waters contain chloride and sul

phate ions, and especially carbonates, they are liable to form compounds at the 

grout surface, "r playa corrosive role. Cement grout can be washed out by hy

draulic pressure. Seepage has leached in Burrinjuck Dam by taking calcium into 

solution and then flowing away (Houlsby, pp. 93-94). 

The cement may experience unusual stress conditions that are not normally 

encountered in geotechnical engineering, such as thermal excursions, gas genera

tions and radiation stress. The response of cement to elevated temperatures and 

other stresses remains uncertain. 

The time scale over which the cement performance needs to be understood 

is longer by a very wide margin than any period which is practical for direct 

experimental verification. The behaviour of cement interacting with nuclear waste 

can not be predicted by simple extrapolation from laboratory aged pastes, since the 

solid and aqueous chemistry and hence the immobilization properties, can probably 

change considerably within the relevant time frame (101 to 10" years). even in a 

closed system (Atkins et al.. In!)!). 
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The properties of cement are not time independent. Accelerated testing 

of cement products shows difficulties to predict long·term performance of cement 

(Atkins et aL 1991). They note that the properties of cement at 40° C may be 

reasonably simulated at 20° C, but with an increasingly uncertain acceleration 

at temperatures above 40° C. Temperature alters the phase composition of the 

cement, probably irreversibly. 

The porosity of hardened cement grout changes during leaching (Onofrei 

et al., 1991). Dissolution and transport of cement solute away from the cement 

grout are believed to be the primary mechanisms to increase grout porosity and 

hydraulic conductivity (.·\l·1Ianaseer et aI., 1991). A significant increase in porosity 

of cement grout has been reported over only 30 days of leaching tests, as shown in 

Figure 1.3 (from Onofrei et aI., 1991). \Vater or aqueous solutions can penetrate 

cement grout, can dissolve soluble constituents of the hydrated grout, and then 

can transport the dissolved species through the pore structures to the surrounding 

water. If the grout hardens at high temperature. thermal cracks are unavoidable. 

The curing of cement generates a lot of heat. Nuclear waste can produce heat over 

a long time. If thermal cracks develop in the grout, more surface area of the grout 

may be expected to be contacted by flowing water and aqueous solutions. more 

soluble materials may be expected to dissolve and be taken away. and more and 

faster porosity increase may be expected. 

Three key components affect the long term stability of cement grout both 

as a material and as a structural element when high temperature is faced. Dur

ing solidification the cement or concrete is subjected to high temperatures if the 
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repository is already filled with nuclear waste before emplacement. Under these 

conditions of elevated temperatures and long hold time, the effects of creep and 

cracking in concrete or cement grout play a significant role in determining the 

structural and barrier integrity of the containment structure (James and Rashid; 

1990). Cracking in concrete initiates when the local tensile strain is large enough, 

about 0.01 %. Significant compressive strain occurs due to the Possion's effect. Be

cause of thermal gradients. particularly during the first 100 years after the nuclear 

waste is emplaced, cracking due to local bending may occur. For temperatures 

above 2000 F, the elastic modulus of concrete degrades with time even at constant 

temperature due to thermally activated damage. Since the stress due to thelmal 

loads is proportional to the modulus, this leads to continual redistribution of load 

that may cause additional cracking (James and Rashid; 1990). 

AI-}.Ianaseer et a1. (1991) have reported an increase in hydraulic conduc

tivity for cement grout over less than 28 days of flow testing. This increase in 

hydraulic conductivity is contributed by surface attack, chloride penetration lead

ing to rebar corrosion, acid attack, and alkali-aggregate reaction (McDaniel et al., 

1991). Research shows that sulphate can penetrate ordinary portland cement con

crete up to 0.8 - 2 cm depth (Lea, 1971; Atkinson, et al., 1986). This depth is much 

greater than most of the grout filled in fractures. \Vhen cement grout is exposed 

to a sulphate environment, the lifetime of the grout may be shorter than that of 

concrete, because aggregate in concrete has much higher resistance to sulphate 

attack. 
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Figure 1.3: The effect of leaching time on the relative-porosity (fa I /b x 100%) of 
cement grout, where fa and fb are the porosities after leaching and before leaching 
respectively, and (0.7/1/0) is the water to cement ratio/ % superplasticizer/ % 
silica fume. a) ALOFIX - ~IC (MC-500) grout. and b) Reference (Type-50) grout 
(from Onofrei et al., 1991). 
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1.2.2 Fracture Sealing Technologies 

Gnirk (1987), Pusch et al. (1985), Gray (1986) and Pusch (1986) give extensive 

reviews of potentially useful methods and technologies for fracture sealing. Frac

ture sealing methods include pressure injection, electrophoresis, dynamic injection 

(Gnirk, 1987), repeat grouting (Ran and Daemen, 1992b) and self sealing. 

1.2.2.1 Pressure Injection 

Injecting fractures with grout slurries under static pressure is applied with both 

cementitious and clay grouts. Grout is injected into fractures in the rock mass under 

pressure through a packed-off interval of a borehole. Pressure injection grouting 

consists of penetration grouting and displacement grouting. The applied pressure 

is about one psi per foot depth (22.6 kPa/m) for penetration grouting and one bar 

per meter depth (100 kPa/m) for displacement grouting (Houlsby, 1990. Section 

6.2, pp. 151-160), and is in the range of 0.5 to 2.0 MPa (Pusch, 1986). 

Displacement grouting or claque grouting adopts high injection pressure to 

produce disruption. The high injection pressure is about 4.4 times higher than 

that of p~netration grouting. The high pressure and the grout are expected to 

widen the fractures or cracks and thus allow better penetration. After the grout 

flow slows down or ceases and the bleeding proceeds, the bleed water is replaced 

by fresh grout. \Vhen grout pressure is removed, the fracture or joint closes. expels 

bleed water, and compresses the grout. The use of high injection pressure may 

cause hydraulic fracturing or may damage intact rock. If the grout does not fill the 
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disturbed or damaged rock mass, the grouting will leave the engineering barrier 

in worse condition than it was originally. Gnirk (198i) pointed out that excess 

pressure will result in increasing the aperture of the existing fractures or in creating 

more fractures in the rock mass being grouted. 

Penetration grouting or permeation grouting employs moderate pressure, 

to avoid disruption. Permeation grouting can avoid rock mass damage and over

widening of rock fractures. Because it uses low injection pressure, the grout can not 

penetrate fine fractures. and can not be delivered to great di8tallct!s. Hence, more 

injection holes may be needed. For fracture grouting in nuclear \vaste isolation. the 

injection holes themselves pose problems for sealing. 

1.2.2.2 Dynamic Injection 

Dynamic injection is designed to overcome the penetration limits caused by the 

high viscosity and high yield stress of grout. This technology can be used for both 

bentonite grouting and cement grouting. Pusch (1986), Pusch et al. (1985) and 

Borgesson and Pusch (1989) report that dynamic injection can inject bentonite 

quartz mixtures and cement grouts into fractures with an aperture down to 10-20 

microns (Swedish Nuclear Fuel and Waste Management Co., 1988). In dynamic 

injection, the grout slurry is SUbjected to constant static pressure and a superim

posed dynamic oscillation pressure. The dynamic oscillation pressure can modify 

the flow properties of the grout and keep grout particles ~11"pep..ded. Vibration with 

shear strain amplitudes provided by dynamic injection can decrease the viscosity 

10 - 100 times and make the flow properties of the grout Newtonian (Borgesson 
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and Pusch. 1989). 

1.2.2.3 Repeat Injection 

Repeat injection is proposed by Ran and Daemen (1992b). It can be used to 

inject bentonite grout into fractures in an unsaturated environment. Repeated 

injection of dilute grout into a fracture can increase the solids materials deposited 

in the fracture and hence can decrease the permeability of the grouted fracture, 

and increase the resistance to erosion and washing out. If fractures are in an 

unsaturated rock mass, the moisture in the grout can be absorbed by rock. The 

grout can shrink, and drying cracks can develop in the grout. Drying cracks and 

the space after grout shrinkage provide flowpaths for grout re-injection. A dilute 

bentonite suspension may be delivered to a greater distance due to its low viscosity 

and yield stress. 

1.2.2.4 Electrophoresis 

Electrophoresis has been studied by Pusch (1978a, 1978b) and Pusch et al. (1985). 

Electrophoresis involves injection of a clay suspension under static electric poten

tial. A cathode is installed in the center injection hole filled with grout. Anodes are 

installed in circumferential holes around the center injection hole. Clay particles 

are transported from the central injection hole into fractures or joints by applying 

a 200-2000 volt direct current. Pusch (1978b) conducted a successful laboratory 

test, and demonstrated good penetration of irregular fractures for one week electro-
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kinetic injection. A field test proved less successful (Pusch et al., 1985). Additional 

holes for installing electrodes are required for field grouting practice, which limits 

the application of this method. To drill additional holes may present sealing prob

lems (Gnirk, 1987). The long term (e.q. one week or more) for which the voltage 

needs to be applied also may pose implementation problems. 

1.2.2.5 Self Sealing 

Self sealing occurs when bentonite particles swell into fractures when saturated. 

Compacted bentonite in boreholes can swell by taking up groundwater (Figure 

1.4). Swelling can drive bentonite into fractures around boreholes. The swelling 

pressure is usually very high, up to 40 MPa at an equilibrium dry density of 2.03 

Mg/m3 (Allison et aI., 1989). Swelling pressure of bentonite depends upon its 

dry density (Allison et al., 1980; Borgesson, 1985; Gray et al., 1985; Pusch. 1980: 

Oscarson et al., 1990). Such high swelling pressure can open up fractures and 

can drive bentonite into fractures. According to the analysis in Chapter Two. self 

sealing can penetrate fract ures less than 20 microns. 

1.3 Overview of Research of Bentonite and Bentonite-Based Grouting 

Related to Fracture Sealing for Nuclear Waste Isolation 

Research of fracture sealing related to nuclear waste isolation has started in the 

late iO's. Research has been conducted concerning sealing materials, methods and 

performance. Fracture sealing with bentonite-based mixes and pure bentonite sus-
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Figure 1.4: Schematic presentation of self sealing of compacted bentonite, a) com
pacted clay in boreholes, b) early expansion, c) final stage with clay in fractures. c 
is bentonite, R is rock matrix, and tV represents water (from Pusch and Borgesson. 
1989). 



pension, and related emplacement technologies developed recently. In 1978, Pusch 

conducted the first test to inject dilute bentonite suspension with salt additive into 

rock fractures (Pusch, 1978a, 1978b). Laboratory simulation for fracture grouting 

with bentonite-sand mixes with salt additive has been performed during the second 

phase of the Stripa project. In 1988. a pilot field grouting test with bentonite/sand 

mixes with salt additive has been completed. Since 1989, a laboratory testing pro-

gram has been conducting at the L' niversity of Arizona, focusing on injecting pure 

bentonite and water suspension into simulated and rock fractures, and on evaluat-

ing the erosion and wash-out properties of bentonite grout under infiowing water 

and high pressure gradient (Ran and Daemen, 1991, 1992a, 1992b). 

1.3.1 Stripa 

The Nuclear Energy Agency of the Organization for Economic Cooperation and 

Development (OECD /NEA) has supported extensive study of fracture sealing with 

dilute bentonite suspensions and bentonite-based mixes as part of rock sealing for 

the International Stripa Project. The Swedish Nuclear Fuel and \Vaste Manage

ment Company (SKB) acts as the host organization and provides management for 

this research program. 

Pusch (1978) describes a small scale bentonite injection test on rock. Over

pressure injection and subsequent electrophoresis are used to inject a Na bentonite 

suspension with water content of 1,000-2,000% by weight into fractures. A -18 em 

deep hole with 4.3 em diameter is drilled in a rock block as an injection hole. Six 

observation holes are placed around the injection hole. The rock block is diorite 
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and is fractured. A Na bentonite suspension with 2% NaCI has been injected into 

the fractures at 1 ~IPa injection pressure. The salt reduces the viscosity of the 

grout. After pressure injection, the injection hole is re-filled with grout to initialize 

electrophoresis treatment. The over pressure injection and one week electrophoresis 

treatment cause the grout to penetrate more than 0.4 m deep into the fractures in 

the rock mass. Most of the injected fractures had an aperture of less than 0.1 mm. 

Since 1987, during the third phase ofthe Stripa Project, extensive laboratory 

and fields test have been investigated for fracture sealing with bentonite based 

mixes and cement (Pusch, 1988; Pusch et al., 1988, Borgesson and Pusch, 1989). 

Laboratory tests have been performed on an artificial slot using dynamic 

injection. The slot consists of two stiff and perfectly plane steel plates. The bolted 

plates are separated by copper foil to form a fracture with an aperture of 100 

microns, 5 em width and about 3 m length. The grouts are dilute bentonite sus

pension with salt additive, bentonite quartz mixes (25, 50 and 75% bentonite with 

75, 50 and 25% quartz weight ratio with water content from 300 to 800%) and 

cement grout (w:c from 0.37 to 0.50). The grout pressure is 1 to 20 ~IPa static 

pressure and 3 to 10 MPa dynamic amplitude pressure with 27 to 48 Hz frequency. 

Grouts can be injected deep into the fractures, from 60 to more than 280 cm. 

In 1988 a pilot field test was conducted in the Time Scale drift (Swedish 

Nuclear Fuel and vVaste Management Company, 1989). Na bentonite and ben

tonite based mixes, and cement slurries were used for grouting four 1.5 m long. 

two 7 m long and two 35 m long core-drilled boreholes with 78 mm diameter. 

One hole was injected with bentonite with salt additive. Three holes were injected 
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with bentonite/quartz mixes with 2.070 NaCl. The other boreholes were injected 

with cement grout. Dynamic injection pressure was applied to reduce the grout 

viscosity. The injection pressure consisted of 1-3 MPa constant static pressure su

perimposed by 1-3 ~v!Pa oscillating dynamic pressure. The oscillation frequency 

was about 40 Hz. A typical bentonite/quartz mix consisted of 50% Tixoton ben

tonite, 50% quartz powder (5-15 microns), 290% water and 2.9% salt by weight. 

The bentonite grout had up to 11% solids content with 1-3% salt additive. The 

grouts can penetrate fractures with an aperture of a few tens of microns, and the 

hydraulic conductivity of the grouted fracture is less than 10 -10 m/s regardless of 

the original values. The grout penetration distance ranges from a few centimeters 

in the most narrow fractures to about 2 m in the widest channels. 

1.3.2 University of Arizona 

In addition to the testing reported herein, Ran and Daemen (1991, 1992a) con

ducted a series of bentonite grouting tests in artificial fractures on a model of 

circular acrylic plates with outer diameter of 30 cm and a central injection hole of 

2.5 cm diameter. Suspensions with 15 to 31% bentonite concentration have been 

successfully injected into fractures with apertures from 9 to 90 microns under in

jection pressure less than 0.6 MPa. The hydraulic conductivities of the fractures 

are reduced from the 10-1 to the 10-5 cm/s level. The hydraulic conductivity of a 

grouted fracture does not increase with time in more than 125 days. 



CHAPTER 2 

THEORETICAL AND NUMERICAL ANALYSIS OF 

BREAKTHROUGH AND INJECTION PRESSURES FOR 

GROUTING 

2.1 Introduction 
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One concern regarding bentonite fracture grouting is the groutability of rock frac

tures, especially for fractures with a hydraulic aperture of about or less than 100 

I"m, and for grouting with bentonite suspensions with high solid concentrations. 

Conventional cement grouting can only penetrate fractures with apertures larger 

than 100 pm (Houlsby, 1990, Section 6.1, pp. 142-151; Ewert, 1985, Section 3.4, 

pp. 131-140). Bentonite grouting can be expected to penetrate finer fracture. 

Bentonite suspensions with high solids content have high viscosity and yield stress. 

\Vhen the grout has a low water content, a high injection pressure may be required. 

After a grout with a high solids content is emplaced in the fracture one may expect 

long-term stability and a great reduction in hydraulic conductivity. The bentonite 

concentration in grout is an important parameter for effective fracture sealing (Ran 

and Daemen, 1991, 1992a, 1992b). From this conclusion it follows that the break

through pressure is important for successful grouting, because the breakthrough 
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pressure should not exceed the limit value. Hence, how to penetrate rock fractures 

effectively and safely becomes a prime purpose of a bentonite rock fracture sealing 

study. 

At least two aspects are not or not fully understood in fracture grouting, 

both with cement and with bentonite grout: (1) the relationship between break

through pressure, fracture aperture, and the mechanical properties of the rock 

mass, and (2) how safe it is to use high grouting pressure, and what the maximum 

allowable pressure is for sealing minute fractures. 

Little information is available about grout penetration in rock fractures 

when the hydraulic aperture of the fracture is less than 100 pm. The process of 

grout penetrating minute fractures is very different from that of penetrating large 

fractures. When penetrating a fracture wider than 100 pm, grout flow into the 

fracture does not cause any or little fracture wall displacements before the grout 

breakthrough. Most grout particles can pass into the fracture without enlarging 

the fracture aperture. To penetrate minute fractures, the grouting pressure must 

first open the fracture wide enough, and then drives the grout into the fracture. 

This process is difficult to observe in laboratory and in field tests. It is expensive 

and time-consuming to conduct field tests. It is desirable to analyze this grouting 

process theoretically and numerically. Such analyses provide insight into the mech

anism of the grouting process. The analysis intends to connect the breakthrough 

pressure with the solids particle size in the grout, the injection pressure, mechanical 

properties of the fracture and the properties of the rock mass. 

Successful grouting should provide a sufficiently high injection pressure to 
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drive the grout into the fracture as far as possible. Conversely, the injection pressure 

should be as small as needed to prevent overwidening the fracture, and to prevent 

creating new fractures or new voids that cause irreparable damage to the rock 

mass. Bentonite suspension has a very high viscosity and a high shear stress during 

grouting, and has a high yield stress (Ran and Daemen, 1991), which may require a 

high injection pressure. Meanwhile, bentonite suspension has a strong lubrication 

effect and can reduce the friction between the fracture walls and the injected fluid. 

This friction reduction may reduce the requirement for a high injection pressure. 

The friction between the rough fracture walls and the grout plays a significant 

role in the resistance to grout penetration (Lombardi, 1985). In the oil industry, 

bentonite suspensions have been used widely for lubrication between the drilling 

bit and the borehole wall. Bentonite becomes slick when it is wet (Moore, 1986, 

Ch.5 , p.nO). Results reported by Ran and Daemen (1991,1992a) indicate that to 

inject grout with up to 31% bentonite into a smooth fracture with a 15 em radius 

in an acrylic fracture model, the injection pressure required is not very high, less 

than 0.6 MPa. For a rough rock fracture, more than 1.5 MPa injection pressure is 

needed to inject grout with 20% bentonite solids content through a 6.35 em radial 

distance (Ran and Daemen, 1992b). 

Two contradictory methods have been used regarding injection pressure, 

I.e. high pressure grouting or displacement grouting, and low pressure grouting 

or permeation grouting. Displacement grouting uses high injection pressures to 

widen fractures, which allows the grout to penetrate fully into the fractures. \Vhen 

the pressure is released, a perfectly sealed fracture is assumed to be formed when 

the rock springs back and compresses the grout. High pressure grouting is useful 
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when tryillg to seal minute fractures. In American practice, low injection pressure 

grouting is widely used. \Vong and Farmer (1971) point out that a method in 

between the two extremes may be acceptable, if the zone of hydrofracturing is 

limited to the immediate vicinity of the injection hole. To select adequately the 

injection pressure, the mechanical properties of rock mass and rock fracture must 

be extensively investigated, such as the deformation properties of rock mass and 

fractures. Knowledge about rock mass damage, hydrofracturing caused by grouting 

pressure and fracture propagation is also helpful for a better understanding of the 

grout penetration process. It is difficult to penetrate minute fractures without 

disturbing the rock mass and without enlarging fractures. 

Two major factors control the breakthrough pressure. One is the solids 

content of bentonite, and another is the initial fracture aperture. The injection 

pressure required for bentonite grouting increases with a decrease in water content 

in the suspension (Ran and Daemen, 1991, 1992b) due to the increase of the yield 

stress, as shown both in model tests and in rock fracture grouting tests. The same 

tendency was reported for cement grouting by Kennedy (1958). The water/cement 

(w:c) ratio has a significant influence on the required injection pressure for cement 

grouting. Kennedy (1958) observed that a 0.01 inch (0.25 mm) fracture aperture 

can be penetrated at a 24 psi (0.17 MPa) injection pressure with a w:c ratio of 

2.67, at a 50 psi (0.34 MPa) injection pressure with a w:c ratio of 1.33, and can 

not be penetrated at 100 psi (0.69 MPa) injection pressure with further reductions 

of the water-cement ratio. The thicker grout has a larger yield stress, and a higher 

injection pressure is required to drive it into a fracture. The grout pressure, driving 

bentonite suspension flow through a fracture, varies with fracture aperture. The 



59 

breakthrough pressure increases with a decrease of the fracture aperture (Ran and 

Daemen, 1992b), because large pressure is need to open up the fracture sufficiently 

to let grout pass through. Numerical analysis results confirm that the smaller the 

aperture, the hi~her the breakthrough pressure needed for grout penetration. 

The basic approach to study the breakthrough pressure is based on the 

mechanical deformation of the fracture in response to a normal stress across the 

fracture and to the grout pressure within the fracture during grouting. The me

chanical deformation of the fracture along with its initial aperture controls which 

particle size of grout is acceptable for such injection pressure. 

This chapter presents a theoretical and numerical analysis of the break

through process of grouting and of t.he breakthrough pressure. The quantitative 

analysis provides a better understanding of the grouting process. The primary ob

jective is to determine the breakthrough pressure for a specified fracture aperture 

under laboratory conditions. The calculated breakthrough pressure can be used 

to estimate what fracture aperture bentonite grout can penetrate, and to what 

distance the grout can be delivered. The second objective of this analysis is to 

relate the laboratory test results to the field conditions to provide guidance for 

field testing. 

2.2 Breakthrough Pressure 

In model and rock fracture grouting tests, a breakthrough pressure is observed. 

Grouts do not start to penetrate a fracture until a certain minimum injection 
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pressure is reached. The breakthrough pressure is the minimum injection pressure 

required for grouting initiation. The breakthrough pressure is controlled by the 

yield stress of the suspension, the shape of the fracture, the ratio of the fracture 

aperture to maximum particle size, the injection hole length, and the stress state 

and stiffness of the rock mass and the fracture. 

Bentonite suspensions have non· Newtonian How properties as shown in 

Chapter 3. The How of a bentonite suspension is governed by the Bingham plastic 

How equation (Bingham, 1916), as shown in Figure 2.1: 

df~ - = Jl(T - TO) 
dt 

(2.1) 

where dEIl/dt is the velocity gradient (S-I), Ell is the strain, T is the shear stress 

(Pa), Jl is the viscosity (Pa.s), and To is the yield stress (Pa). 

Equation (2.1) indicates that a minimwn shear stress, the yield stress, must 

be exceeded for How to occur. 

Bentonite suspension flowing in a pipe is assumed to obey the Buckingham· 

Reiner equation (Reiner, 1960, p. 121) 

(2.2) 
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where Q is the flow rate (cm3 
/ s), R is the radius of the pipe (em), P is the 

breakthrough pressure (Pa), p is the plastic viscosity of the bentonite suspension 

(Pa.s), I is the length of the pipe (em), and p is the injection pressure (Pa) given 

by 

21To 
p=-

R 
(2.3) 

Eq. (2.2) considers the grout suspension as an ideal Bingham plastic fluid 

(Figure 2.1), i.e. plastic plug flow occurs in the center and Newtonian flow around 

the plastic plug. The velocity of plug flow is constant. This is a simplification 

for bentonite grout which is often characterized by power law flow properties, as 

shown in Section 3.3.1. When Q = 0, there is no injection flow, and Equation (2.2) 

becomes: 

(2.4) 

From Equation (2.4), the minimum injection pressure or breakthrough pres

sure P should satisfy 

P 
2Tol 

-p--- - R (2.5) 
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Figure 2.1: Rheological curves for common fluids, T is shear stress, and f~ is shear 
strain. 
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In the laboratory grouting tests, the diameter of the injection hole is about 

2.5 cm. The grout flow in the injection hole is assumed to be similar to flow in a 

pipe. So the breakthrough pressure is proportional to the yield stress TO, and to the 

injection hole length, I, and is inversely proportional to the injection hole radius, 

R. 

Particle size and size distribution in grout also are control factors for grout 

breakthrough. In cement grouting, the value of dss of the grout is considered as a 

limit on the penetration of cement grout into granular soils (Nonveiller, 1989, p. 

36-37). dss is the particle size in suspension for which 85% by weight of the particles 

are smaller. 'When the particle size dss is larger than the fracture aperture, the 

aperture must be widened by injection pressure to a large enough width so that the 

particles can pass through. Houlsby (1990, p. 148) points out that grout stoppage 

occurs when the fracture width to grout grain size ratio is 1.7. He believes that the 

limit aperture to grain size ratio should exceed 3. If the injection pressure does not 

reach the pressure required to widen the fracture sufficiently, no grout penetration 

takes place. The pressure required depends on how much the aperture needs to be 

widened and on the deformation properties of the fracture and of the fracture host 

rock. This pressure, not included in Eq. (2.5), also contributes to the breakthrough 

pressure. During in-situ grouting, some fractures are closed or in partial contact. 

When grouting, some initial injection pressure is required to reopen the fracture. 

This pressure is controlled by the in-situ stress state and by the stiffnesses of the 

rock mass and the fracture, and is also part of the breakthrough pressure. 

Ran and Daemen (1992a) propose to describe the breakthrough pressure 
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for bentonite grouting based on the Buckingham-Reiner equation (Reiner, 1960, p. 

121): 

21To D 
p=--+ro R 

(2.6) 

where p is the breakthrough pressure, I is the length of the injection hole, TO is the 

yield stress, R is the radius of the injection hole, and the shut-in pressure Po (Pa) 

is the pressure needed to widen the fracture sufficiently to allow grout penetration 

and the pressure needed to reopen the fracture. 

The first term in Eq. (2.6) is proportional to the yield stress TO and the 

injection hole length, and in inverse ratio to the injection hole radius R. The last 

term in Eq. (2.6) is related to the fracture aperture and the deformation properties 

of the fracture, and will be determined in the following sections. It depends on the 

fracture aperture, the mechanical properties oi the host rock mass and the fracture, 

the flow properties of the grout, and the aperture distribution in the fracture. 

2.3 Grout Penetration 

In laboratory tests, the walls of the artificial fracture are in close contact and are 

well matched. The aperture varies in the fracture, especially when an axial normal 

stress acts on the sample during grouting. For a minute fracture, the aperture is 

not large enough to let the grout penetrate. The injection pressure and grout must 
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Figure 2.2: Pressure applied on the inner edge of a fracture. P is the applied 
pressure, 2bo is the initial fracture aperture, and Lo is the distance to which the 
pressure is applied on the fracture walls. 

widen the fracture, and then drive grout into the fracture. Two stages are assumed 

to describe the grouting process: 

In the first stage, the injection pressure acts on the inner edge of the fracture 

around the injection hole (Figure 2.2). When the aperture opens up to a certain 

value, or the opening displacement of the fracture is large enough, the fracture 

starts to accept grout. After the first stage, the fracture aperture increases as 

a result of the decrease in the effective stress, and the resistance to grout flow 

decreases because of the larger cross·sectional area. Also, the contact area of 
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asperities reduces, and the resistance to grout flow decreases because of the shorter 

and less tortuous flow path. 

The second stage is grout flow into the fracture. After the fracture inner 

edge is opened up, the grout penetrates the fracture to the depth where the effective 

aperture (2bea ) is equal to the critical aperture (2be ). As the grout penetrates, a 

larger area of the fracture walls is subjected to injection pressure, more fracture 

displacement may be expected, and more grout can be accepted by the enlarged 

fracture. This process continues until the injection pressure can not be transmitted 

to a greater distance because of the yield stress, as discussed in Section 2.4. The 

penetration distance of the grout depends greatly on the fracture displacement. The 

minimum fracture aperture to let grout penetrate is controlled by grout particle 

size. This critical aperture is described as 2be • A typical fracture aperture is given 

by Figure 2.3. The distance between the wall of the injection hole (ri) and the 

position where the fracture aperture of 2be (re) is defined as grout travel distance, 

I. be consists of two parts, i.e. bd and bo: 

(2.7) 

where 2bo is the initial fracture aperture, which is controlled by the nonnalloading 

before the grout flows into the fracture. 2bd is the total displacement of the host 

rock mass and the mechanical deformation of the fracture. 



67 

Figure 2.3: Schematic presentation of a fracture aperture. 2110 is the initial frac
ture aperture, 2bd is the fracture displacement due to pressure injection and grout 
penetration, 2bea is the effective aperture, and 2be is the critical aperture of the 
fracture. 
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2.4 Pressure Distribution when Grout Penetrates the Fracture 

The design of a suitable grout to seal fractures requires a theoretical estimation of 

the grout penetration distance in the fractures, and a determination of the grout 

pressure distribution in the fractures. Knowing the penetration distance helps in 

determining the distance between injection holes. The pressure in the fracture, 

especially for minute fractures, contributes to the fracture opening, and influences 

the grout penetration distance. 

2.4.1 Pressure Distribution in the Fracture 

Consider the grout as an ideal Bingham fluid which is frictionless and incompress

ible. Many investigators (Consulting Engineers, 1969; Ouyang and Daemen, 1991; 

Ran and Daemen, 1991, 1992a) treat bentonite suspension as a Bingham fluid. A 

Bingham fluid exhibits a yield stress at zero shear rate, followed by a straight-line 

relationship between shear stress and shear rate (Bear, 1972, p. 34; Reiner, 1960, 

p. 115), as shown in Figure 2.1. 

For the Bingham fluid, the shear stress in the fluid in a fracture is given by: 

au 
T = TO + p. az (2.8) 

where TO is the yield stress (Pa), p. is the dynamic viscosity (Pa.s), u is the velocity 

of the grout flow (m/s), and z is the coordinate perpendicular to the fracture. 
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Fractures around boreholes (Figure 1.4) and minute fractures enlarged by 

grouting pressure can be considered as wedge-shaped cracks (Figure 2.4). The 

fracture walls are slightly inclined. The fracture aperture is assumed constant 

around the injection hole and changes in the radial direction, resulting in an ax

ially synunetric distribution. Even though some fracture walls may be parallel 

before grouting, after deformation, resulting from the injection pressure variation 

on fracture walls along the radial direction, the fracture becomes wedge shaped 

(Figure 2.3). The following analysis assumes that the roughness of the fracture 

walls has no resistance to grout flow. The injection pressure forces grout wedges 

into the decreasing space in the fracture. The grout penetration also can stop when 

the fracture aperture is less than a critical aperture at a distance I. 

Assume that the grout flow into fractures is laminar. Flow takes place 

around the injection hole along all radial directions with the same velocity. Grout 

flow is quasi-steady and has a small radial velocity, so that the laminar-flow equa

tions may be used to develop the theory of grout pressure distribution in a fracture. 

The velocity distribution is the same as if the fracture walls were parallel. We as

sume that the pressure distribution is independent of z. 

For flow in a horizontal fracture with an aperture of 2b, using cylindrical 

coordinates, the equation of motion for the grout, neglecting body force and inertia 

terms, is given by: 

8urr 18uro 8urz U rr - U80 . TO 0 --+--- +--+ "1'"- = 
8r r 89 8z r b 

(2.9) 
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Figure 2.4: Grout penetrates a fracture. 



i1 

where U rr denotes the stress component acting on a surface whose outward normal 

is the r direction, and which is directed parallel to the r axis; Uss denotes the stress 

component acting on a surface whose outward nonnal is the 8 direction, and which 

is directed parallel to the 8 axis; Ur(J denotes the shear stress component acting on 

a surface whose outward nonnal is the r direction, and which is directed parallel 

to the 8 axis; Un denotes the shear stress component acting on a surface whose 

outward normal is the r direction, and which is directed parallel to the z axis; and 

TO is the yield stress. 

With U rr = P, Ur(J = 0 and U rz = T, U rr equals to U(J(J, because a fluid has 

the same nonnal stresses at the same point. From Eq. (2.8), the distribution of 

shear stress T is given by: 

(2.10) 

then eq.(2.9) becomes: 

(2.11) 

or 

82u 8P To 
p- = ----8::2 8r b 

(2.12) 



z 

r 

r dr 

Figure 2.5: Shear stress (T) distribution and the velocity (u) of the grout flow in a 
fracture, where, To is the yield stress of the grout. 
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Integrating Eq.(2.12) respect to;; with 8P/8r constant, produces 

1 8P TO 2 
u = --(- +-)z +Az+B 

21' ar b 
(2.13) 

when z = ±b, u = 0, then 

A=O (2.14) 

(2.15) 

Solving for u results in the velocity of the grout (Figure 2.5) at any point a 

cross the fracture section: 

(2.16) 

The volume flow (Q) into the fracture must be the same at each cross section. 

By integrating over a typical section with 8P/8r constant, 
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(2.17) 

The pressure gradient along r is given by 

(2.18) 

b may be expressed in terms of r for an edge~shaped fracture 

(2.20) 
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where 2bi is the fracture aperture at the radius (ri) of the injection hole, 2be is the 

fracture aperture at the radius (re) at which the fracture aperture is equal to the 

critical aperture for bentonite penetration, and I is the distance between ri and reo 

(2.21) 

The pressure variation along the radial direction can be rewritten as: 

-=-8P 3 Qp TO 
(2.22) 

(bl - or) 

assuming 

(2.23) 

J J dr J TO Cl.P = kQ - dr 
r(bl - orp (bl - or) 

(2.24) 

_. [II..!.. r 1 TO _ ? P-kQ ?b(b )2 + b2(b )+b31n b + In(bl or)+C(2._5) 
- I I - or I I - ar I I - ar 0 
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For the boundary conditions, when r = ri then P = Po 

c = Po - kQP1 - Tl (2.26) 

where 

TO 
Tl = -In(b, - ari) (2.28) 

. a 

(2.29) 

and 
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(2.30) 

For the ~oundary conditions, when r = r e then P = Pe , where Pe is the 

pore pressure in a fracture. 

(2.31) 

where 

(2.34) 



and 

and, hence 

Q = (Po - Pe ) - TI + T2 
k(PI - P2 ) 

i8 

(2.35) 

(2.36) 

The pressure in the fracture finally is 

{ 
• [ 1 1 1 r] } TO b f - 0 r 

P = (PO-Pe ) 1-Q PI -?b (b )2 - b2(b ) - L31nb +-In(b ) 
- f f - ar f f - ar UJ f - ar a f - arj 

(2.37) 

where 

(2.38) 

when To = 0 and Pe = 0, then, the pressure distribution in the fracture becomes: 
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(2.39) 

The majvr influences on the pressure distribution are from the yield stress 

(TO) of the grout and the shape (0) of the fracture. From Eq. (2.37), the pressure 

distribution is independent of the viscosity, i.e. bentonite grout and cement grout 

have the same pressure distribution, if their yield stresses (TO) and fracture shape 

factors (0) are same. Yield stress can decrease the pressure fast over the radial 

direction, and limit the distance to transmit the injection pressure. \Vhen fracture 

walls are inclined steeper, the pressure decreases faster with the radial distance. 

When 0 = 0, or bj = be, then the pressure distribution in the fracture during 

grouting, according to eq. (2.39), is given by: 

P = Po [1 - In(ri/r) 1 
In(ri/re) 

(2.40) 

Eq. (2.40) shows that for a parallel fracture, the pressure distribution in the frac

ture during grouting is independent of the fracture aperture, and depends only on 

the injection pressure (Po) and the distance of the grout delivery (re)' 

Figures 2.6 through 2.10 give the pressure distribution in fractures with 

various fracture shapes as a function of yield stress. In those figures, the critical 

fracture aperture (2be ) which allows grout to pass through is 20 microns, based on 

the measurement results in Section (5.2). The radial length of the fracture is 6.35 
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cm (2.5 in). The shape control factor (0) of the fracture is 1.5S x 10-4 for the 

fracture with an inner edge aperture of 40 microns, 3.15 x 10-4 for 60 microns, and 

4.72 x 10-4 for SO microns. 

Figures 2.6 through 2.S give typical pressure distributions in the fracture 

during grouting. Figures 2.9 and 2.10 show the infl.uence of the fracture shape on 

the pressure distribution. Figure 2.7 shows that when fracture walls are slightly 

inclined deep into the rock mass with smaller aperture, there is a pressure build up 

around the inner edge of the fracture if the yield stress is large enough. The build

up pressure may assist in opening more of the fracture. This may be the result 

of plastic plug flow. The plug wedges into the fracture and compresses the grout 

between the plastic plug and the fracture walls, leading to an increase in the applied 

pressure on the fracture walls. One explanation may be that the dynamic energy 

has been converted into static pressure, because the volume flow along all fracture 

sections around the injection hole is constant. Another possible reason is that the 

Eq. (2.37) may only be suitable for fracture walls that are slightly inclined, i.e. 

the flow in such inclined flow aperture obeys laminar flow. A careful experimental 

examination is required for what conditions this equation can be used. 

\Vhen the yield stress is small, the injection pressure can reach the outer edge 

of the fracture. The larger the yield stress is, the steeper the pressure profile, and 

the shorter the grout delivery distance. When the fracture walls become steeper, no 

pressure builds up around the inner edge of the fracture (Figures 2.7 and 2.S). For 

a steeper fracture, if the yield stress is higher, the pressure only can be transmitted 

a small distance into the fracture. 
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Figure 2.6: Pressure distribution as a function of yield stress and radial distance 
for a fracture with an inner edge aperture of 40 microns when Pe = 0, where curve 
A is for Tol Po = 0.002, curve B for Tol Po = 0.001, curve C Tol Po = 0.0005, and 
curve D for TO = o. Curve E is for a fracture with parallel walls. 
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Figure 2.7: Pressure distribution as a function of yield stress and radial distance 
for a fracture with an inner edge aperture of 60 microns when Pe = 0, where curve 
A is for TO/PO = 0.002, curve B for TO/PO = 0.001, curve C TO/PO = 0.0005, and 
curve D for TO = O. Curve E is for a fracture with parallel walls. 
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Figure 2.8: Pressure distribution as a function of yield stress and radial distance 
for a fracture with an inner edge aperture of 80 microns when P~ = 0, where curve 
A. is for Tol Po = 0.002, curve B for Tol Po = 0.001, curve C Tol Po = 0.0005, and 
curve D for TO = o. Curve E is for a fracture with parallel walls. 
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Figure 2.9: Pressure distribution in a fracture influenced by the fracture shape for 
zero yield stress for Pe = O. 
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2.4.2 Grout Penetration Distance 

'Wittke (1968), Ruiz and Leone (1970), Wallner and 'Wittke (1974) and Lombardi 

(1985) have developed solutions to determine the grout delivery distance from 

the injection hole under a given grouting pressure and aperture. The analytical 

solutions are based on the equilibrium of forces and correspond to empirical ob-

servations during grouting practice. They assume the use of stable grout in a 

single fracture with constant aperture larger than the maximum grain size in the 

grout. In other words, they assumes that the fracture aperture is large enough 

to let grout pass through without fracture deformation. The grout How regime is 

assumed laminar. 

Wittke (1968) derived an equation to determine the grout delivery distance 

(Ro(if>)): 

(2.41) 

where a· is the half width of the fracture, TO is the yield stress of the grout, PiO is 

the injection pressure, PwO is the fracture pore pressure, "Yi is the unit weight of the 

grout, "Yw is the unit weight of water, at is the angle of the fracture plane to the 

horizontal, and if> is the angle around the injection hole (Figure 2.11). 

\Vallner and Wittke (1974) and Ruiz and Leone (1970) developed the fol-

lowing grout delivery distance: 
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Figure 2.11: Reach of injected grout in inclined fracture from the injection hole of 
diameter 2r" (a) section, (b) view in fracture plane (Wittke, 1968). 
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(2.42) 

Eq.(2.42) is a limiting case of Eq.(2.41) which allows for grout flow in all radial 

directions with the same velocity. \Vhen a = 0, Eq.(2.41) becomes Eq.(2.42). 

The grout delivery distance for a horizontal edge-shaped fracture can be 

derived from Eq.(2.18). \Vhen the grout stops penetrating, Q = 0, the first term 

of Eq.(2.22) vanishes, and Eq.(2.22) becomes: 

8P TO -ar b 
TO 

(2.43) - bJ - ar 

By integrating P over Po to Pe , and rover ri to r e, then 

l
P

i) 11'1 TO 8P = - ar 
Pe 1'e bJ - ar 

(2.44) 

where Pe is the pore pressure in the fracture. 

(2.45) 



89 

The delivery distance is finally given by: 

(2.46) 

when Pe = 0, then 

(2.47) 

Figures 2.12 through 2.14 give the grout delivery distance as a function of the ratio 

of the injection pressure and the yield stress (PO/TO), showing the grout delivery 

distance is shorter when the fracture has a. wedge shape, compared with that of the 

fracture with parallel walls aperture. Results from Eq. (2.47) are more accurate 

to interpret the real delivery distance, because most fractures in field are wedge-

shaped. Eq. (2.42) may overestimate the grout delivery distance. 

In Eqs. (2.41), (2.42) and (2.47), the friction between the fluid and the 

fracture walls is omitted. Such friction has enormous influence on grout delivery 

distance. The grout delivery distance may be much shorter than the calculated 

distance for rough fractures and for dry fractures. Lombardi (1985) proposed a 

formula to determine the grout delivery distance under the influence of the friction 

between the fracture walls and the grout. 
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b I [( Po - P~) 1] 
r~ = -- n + 

tan</> Tc 
(2.48) 

where b is the half width of the fracture, and tP IS the internal friction angle, 

Tc = To/tan¢>. 

According to Lombardi (1985), for a fracture with 5 mm aperture under 

100 m pressure head, if the internal friction angle of the grout is 30°, the grout 

can only be delivered to 0.04 m distance, and 250 m for a frictionless fracture. 

Eq. (2.48) shows the significant influence of grout friction on the grout delivery 

distance. Lubrication of bentonite suspension makes the grout can be delivered to 

a great distance. 

2.5 Mechanical Deformation of Fractures 

The breakthrough pressure in part is directly related to the mechanical deformation 

of the fracture for grouting minute fractures, especially when the grout particles 

or clots are larger than the fracture aperture. The grout pressure must widen 

the fracture enough to allow grout penetration. To study the deformation of the 

fracture under fluid pressure is beyond the scope of this investigation. This section 

gives a brief review of theoretical aspects of fracture closure adopted to analyze the 

fracture opening under fluid pressure in the fracture. The basic assumption is that 

the fracture closure and the fracture opening behavior are identical in the range of 

the consideration. Therefore, some basic theories of fracture closure can be used 

to study the fracture opening. 
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Figure 2.12: Grout delivery distance as a function of the ratio of injection pressure 
and yield stress of the grout (Po/To), for a fracture with 40 microns of aperture 
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Figure 2.13: Grout delivery distance as a fWlction of the ratio of injection pressure 
and yield stress of the grout (PO/TO)' for a fracture with 60 microns of aperture 
with a of 3.15 x 10-", when Pe is zero. 
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Figure 2.14: Grout delivery distance as a function of the ratio of injection pressure 
and yield stress of the grout (Po/To), for a fracture with 80 microns of aperture 
with Q of 4.72 x 10-4, when Pe is zero. 
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Figure 2.15: Measurements of the fracture closure under normal stress of an arti
ficially-induced tensile fracture in a rock core by Goodman (1976). 

The mechanical deformation of a fracture can be characterized by the rei a-

tion between the normal effective stress across the fracture and the fracture dis-

placement (Goodman, 1976; Cook, 1992). The effective stress is the difference 

between the total stress in the rock mass normal to the fracture surfaces and the 

fluid pressure applied in the void spaces in the fracture. The fracture aperture de

creases non-linearly with increasing normal effective stress (Goodman, 1976; Bandis 

et al., 1983; Barton et al., 1985). In other words, the fracture closure decreases 

with decreasing normal effective stress. \Vhen the injection pressure in the fracture 

increases, the effective stress reduces and, hence, the fracture opens up. 
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Goodman et al. (1968) introduced the terms normal stiffness and shear 

stiffness to describe the rate of change of normal stress with respect to normal 

displacements, and the rate of change of shear stress with respect to shear dis

placement. 

Goodman (1976) studied the closure of artificially induced tensile fractures 

in rock cores and noted the highly non-linear nature of closure-stress relations 

(Figure 2.15). The non-linear curve is the result of non-linear variation of the con

tact area of the asperities. According to Goodman's empirical hyperbolic function 

(Goodman, 1976; Goodman et al., 1968), the normal stress and the fracture closure 

should obey the following equation: 

Un - U / - Ui = C ( d ) t 

Ui dm - d 
(2.49) 

where, Un is the normal stress applied on the fracture, U J is the fluid pressure 

applied on the fracture walls, Ui is the initial stress, d is the fracture closure, d~ is 

the maximum fracture closure, and C and t are constants. 

Bandis et al. (1983) show that the displacement for a matched fracture can 

be expressed as a hyperbolic type function based on soil consolidation theory by 

fitting experimental data: 

d 
(2.50) Un - uJ = a _ bd 
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where a and b are constants when Un - uf = 00, alb = dm , the maximum fracture 

deformation. 

The normal stiffness (kn ) of a fracture can be obtained from the derivative 

of Eq. (2.50), as: 

(2.51) 

where U = Un - uf, the normal effective stress. When U -+ 00, then alb = dm • 

The fracture closure or opening under compression or fluid pressure should 

have the following properties: 

(1) The fracture opening varies non-linearly with normal effective stress. 

Under increasing fluid pressure, the fracture gradually reaches a maximum open

ing, whose value is directly dependent upon the previous stress history, and the 

breakthrough requirement. 

(2) If the grouting pressures are applied repeatedly on the fracture walls, the 

fracture opening displacement exhibits hysteresis the same as the fracture closure 

under loading and unloading compression. 

(3) Fracture opening displacement is related to the stiffness of the fracture. 

The initial contact area, relative amplitude and the distribution of the aperture 

between the fracture walls determine the stiffness of the fracture. 

For a single, rough, elastic surface with asperities all having the same radius 
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of curvature R and a distribution of peak heights ¢(Z-) pressed against another 

rough, elastic surface, Greenwood and \Villiamsoa (1966) noted that the number 

of contacts n is given by: 

(2.52) 

where Z- is the height of the peak of the asperity, d is the fracture closure, and ~ 

is the number of asperity peaks per unit area, and A is the fracture area. 

The total area of asperities in contact a is: 

(2.53) 

the average stress normal to the surface is: 

(2.54) 

where d- is the separation between references planes in the two fracture surfaces 

under normal stress, d- = do + d, and Ea is the overall Young's modulus of the 

fracture asperities. 
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(2.55) 

where E and v are the Young's modulus and Poisson's ratio of asperities on the 

two fracture surfaces. From Eq. (2.55) the overall Young's modulus of the fracture 

asperities is much less than that of an individual asperity. 

Greenwood and \Villiamson (1966) show that the peak height of asperities 

based on experiment obeys a Gaussian distribution. The distribution of the peak 

asperity heights Z· is given by: 

(2.56) 

where s is the standard deviation of the Gaussian distribution. The total area of 

asperities in contact then is given by: 

(fA ~ 
a = -VrrR/s 

Eo 
(2.57) 

According to Greenwood and Williamson (1966), and Swan (1983), using 

Eqs.(2.53) and (2.54), the normal displacement between fracture surfaces is given 

by: 



d= {do-sin [J7rs/R(~Rs)E4]} +slncr 
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(2.58) 

The mec='anical deformation of the fracture can be detennined by the aper

ture distribution, the stiffnesses of the fracture and the distribution of the asperi

ties. However, for the application of Eq. (2.58), the above mentioned properties of 

the fracture should be well characterized. Otherwise, a significant deviation may 

occur. and, possibly, the theoretical calculation results may be misleading due to 

an oversimplification of the fracture characterization. 

2.6 Numerical Analysis of Grout Breakthrough Pressure and Fracture 

Displacement 

The objective of numerical analysis of grout breakthrough pressure is to model a 

laboratory fracture grouting test and to scale its results to field conditions. The 

laboratory setup for grouting tests is given in Section (4.3). 

A numerical fracture layer model has been developed to study the penetra

tion process of grouting and the breakthrough pressure. In the numerical model, 

the fracture walls are more stiff plates, and the fracture itself is considered as a 

layer with a low elasticity modulus and a low or zero Poisson's ratio. The injection 

pressure is first applied on the inner edge of the fracture around the injection hole. 

The injection pressure can widen the fracture inner edge. When the edge aperture 

has been opened up to the critical aperture, 2be , the fracture starts to accept grout. 
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The pressurized area increases gradually towards the outer edge of the fracture as 

the grout penetrates the fracture. The advance of the grout in the fracture becomes 

faster and faster, when more and more grout has been emplaced in the fracture. 

Only the grout and compressed air in front of the grout can bring pressure into the 

fracture. Finally, when the injection pressure is large enough, the grout can flow 

through the fracture in the rock sample, or flow out of the fracture boundary. This 

grouting prot:ess has been observed in tests. In model and in rock fracture tests, 

after grout breakthrough into the edge of the fracture occurs, the grout travels very 

fast through the fracture (Ran and Daemen, 1991, 1992a, 1992c). The grout flow 

stops in the fracture when the yield stress and friction block the injection pressure 

transmission. 

In the fracture layer model, when the Poisson's ratio of the fracture layer 

is zero, the fracture layer is simplified as a set of springs (Figure 2.16b). This 

allows normal displacement or fracture opening without causing a radial stress or 

a radial displacement in the fracture itself. Otherwise, the radial pressure applied 

on the fracture layer can not produce fracture opening. The fracture displacement 

is proportional to the applied grouting pressure normal to the fracture walls. The 

fracture opens up as a result of the reduction of the effective stress due to the 

increasing fluid pressure or grouting pressure in the fracture. 

An axisymmetric finite element program is used to calculate the fracture nor

mal displacements based on the fracture layer model. The breakthrough pressure 

is determined by the fracture normal displacement and the breakthrough criteria. 

Finite element analysis is used to simulate the grout penetration process based on 
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(a) (b) 

Figure 2.16: Fracture iayer modej, (a) physicai irncture, (h) cuuceptual model, 
where 2b is the maximum aperture of a fracture. 

the elastic deformation of the rock mass and the fracture. Desai (1979, p. 336) 

gives the finite element formulation for four-node isoparametric axisymmetric el

ements. A pre-process program, called PREFEM2D (Ran, 1992), produces finite 

element meshes with proportional nodal point spacing. 

2.6.1 Finite Element Meshes 

The finite element program utilizes rectangular ring elements for axisymmetric 

three-dimensional simulations. Discretization around the fracture face and the 

injection hole is very fine. The size of the elements increases proportionally along 

the radial direction and along the sample height away from the fracture. The 
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derivation of node coordinates is given ill Appendix G. 

Consider the starting node NB and the ending node NE shown in Figure 

2.17(a). Additional nodes can be generated between these two end nodes if a 

nonzero value of NE is used. Number the nodes 1, 2, ... , n, as shown in Figure 

2.17(b), and refer to the r and z coordinates of node 1 by r17 Z1 etc. The spacing 

factors If' and Iz can be defined by 

If' = r3 - r2 = r.c - r3 = ... = rn - r n -1 

r2 - r1 r3 - r2 rn -1 - rn -2 
(2.59) 

and 

f 
- ':3 - :2 _ =4 - ':3 _ _ Zn - =n-t 

z- - - ... -
Z2 - Z1 Z3 - Z2 Zn-1 - Zn-2 

(2.60) 

Radial coordinates of the nodes in the r direction are given by 

(2.61) 

The node coordinates in the z direction can be given by 
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Figure 2.17: (a) The starting node NB and the ending node NE. (b) Line along 
which n nodes are generated. 
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(2.62) 

PREFE~I2D generates a dense mesh around the injection hole and nearby 

fracture surface with 1.25 spacing factors both in the z and the r direction, starting 

from the wall of the injection hole (Figure 2.18). The objective of this mesh design 

is to study in detail the fracture defonnation when the injection pressure is applied 

on the mouth of the fracture. 

A standard sample size has been used for mesh design. W is the difference 

between the inner radius and the outer radius of the rock sample. IV ranges from 

0.0127 to 0.0762 meter. H is the half sample height, and H is 0.1 meter. To study 

the influence of sample height on the breakthrough pressure, the half sample height 

is varied from 0.0635 to 0.3175 meters, i.e. H /W ranges from 1 to 5. The total 

number of nodes is 400, the number of elements is 361. The choice of the node 

and element numbers is somewhat arbitrary. It depends on the main finite element 

program and the concern of computing time. The fine mesh designed around the 

injection hole and near the fracture walls should make the results accurate. 

2.6.2 Fracture Displacement 

Fracture displacements under grout pressure include two parts. One is the defor

mation of the rock mass under compression of the grout pressure. The other is the 

defonnation of the fracture itself due to the area change of the fracture wall con

tact, and due to the decrease of the compressive deformation of asperities resulting 
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from the decrease in effective stress. 

An axisymmetric single fracture in a cylindrical rock sample for the grout

ing test is described in Figure 2.4. On the bottom and the top of the sample, 

the grouting frame prevents vertical displacements. The grout frame allows the 

sample to have radial displacements along the interfaces of the rock sample and 

the grouting frame. The stress on the interfaces of the grouting frame and the rock 

sample depends upon the initial axial load, and may build up as grouting progress. 

Grouting pressure is applied on the wall of the injection hole. Before grout break

through into the fracture, grouting pressure acts unifonnly on the inner edge of the 

fracture. The fracture inner edge can be opened up to allow grout penetration as 

the grout pressure increases. After grout penetrates into the fracture, the fracture 

surfaces are subjected to a distributed pressure, as described in Eq. (2.37). 

2.6.3 Boundary Conditions 

Boundary conditions of prescribed stress and displacements may be specified. Some 

boundary conditions such as injection pressure and fracture displacement may vary 

with time and with grouting progress. In this analysis, the final status is considered, 

i.e. in each calculation of the simulation, the injection pressure is independent of 

time. The following boundary conditions have been set for the numerical analysis: 

(2.63) 
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(2.64) 

(2.65) 

(2.66) 

(2.67) 

(2.68) 

u z(T,8,±H) = 0,0 ~ 8 ~ 2;r,-H ~ z ~ H (2.69) 

where 8 is the angle around the injection hole, H is the half height of the rock 

sample, Tb is the outer radius of the rock sample, Te is the position where the 
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fracture aperture is equal to the critical aperture (2be ), Pe is the fracture pore 

pressure, and Per) is the grouting pressure imposed on the fracture walls. Per) 

varies with the radial distance along the fracture, as described by Eq. (2.37). For 

axisynunetry conditions, stress and strain tensors are independent of the angle (9) 

around the injection hole. 

2.6.4 Breakthrough Criteria 

Particle size and particle size distribution in grout and the fracture aperture act 

as control factors for grout breakthrough into fractures. If the largest particle size 

dss in the suspension is larger than the fracture aperture dp , the grout can not be 

injected into the fracture without enlarging its aperture (Nonveiller, 1989, p. 39). 

The aperture of the rock fracture is not measurable directly, especially in 

field practice. It is popular to determine the fracture aperture in terms of flow 

testing, because it is relatively practical, economical and quick. Traditionally, the 

hydraulic conductivity of a fracture, even of the rock mass, is used to link the 

aperture of the fracture and to link the injectability of grouts, as shown in Figure 

2.19 (Cambefort, 1977). In conunon practice, grouting criteria for rock fracture 

sealing are mainly based on the water absorption test, or Lugeon test (Ewert, 

1985; Houlsby, 1976, 1985; Kutzner, 1985, 1991). This test is also called water 

pressure test. \Vater pressure tests provide results in Lugeon units. A Lugeon unit 

is defined as a water take of 1liter/min/m of borehole tested at an injection pressure 

of 1 MPa. This corresponds to a hydraulic conductivity of roughly 1 x 10-5 cm/s 

(Schaffer and Daemcn, 1987). Kutzner (1985) shows that the Lugeon value can 
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Figure 2.19: Groutability and hydraulic conductivity, after Cambefort, 1977. 

be transfonned into a hydraulic conductivity value by reasonable approximation 

for isotropic fractures, i.e. for a rock mass that has an isotropic distribution for 

fracture number, fracture orientations and fracture aperture. 

Kutzner (1991) points out that the water pressure test can not fully deter

mine the groutability of a rock mass. \-Vater flow depends simultaneously on flow 

regimes, joint or fracture orientation, aperture, roughness and injection pressurc, 

as well as test analysis. A large numbcr of minute joints or fractures or a small 
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number of wide joints and fractures may show the same absorption in the test sec

tion at a given pressure (Kutzner, 1991). In a fracture the aperture distribution is 

very heterogeneous. \Vater does not flow along all directions of a fracture plane due 

to anisotropy of hydraulic conductivity. Moreno and Neretnieks (1987) performed 

a three dimensional experiment in Stripa. 700 m2 of drift were covered with plastic 

sheets to monitor water flow. It was found that 50% of the flow takes place in about 

3% of the covered fracture area. Because the flow regime varies from fracture to 

fracture and from joint to joint, not all fluid flow in all fractures or joints obeys 

the same flow law. According to Rissler (1977), laminar flow changes to turbulent 

flow at a fracture width of about 0.13 to 0.4 mm. Turbulent flow dominates the 

fluid flow in the fracture with aperture larger than 0.13 to 0.4 mm. Carter (1982) 

argues that in water pressure tests, the flow is dominated by the injection system. 

Rock grout ability mainly depends on the type of grout and on the fracture 

aperture. For conventional cement grout, 0.1 mm is the lower limit of grout pen

etration (Kutzner, 1985, 1991). Microfine cement grout may penetrate fractures 

with apertures less than 100 microns. Fracture aperture and grout particle size and 

particle size distribution are basic indicators of fracture groutability. If the grout 

particle size and fracture aperture are considered as the grouting criteria, the frac

ture characterization becomes extremely important. The simple water pressure 

test may need to be replaced by underground penetration radar and image pro

cessing to identify fracture aperture and aperture distribution, as well as fracture 

distribution, orientations and extensions. 

In the following analysis, the minimum fracture aperture (2b,:l needs to be 
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larger than three times the grout particle size (dS5 ) for penetration to occur: 

(2.70) 

where d85 is the particle size in the grout suspension for which 85% by weight of 

the particles are smaller. For Volclay bentonite grout, d85 is about 5 microns, and, 

hence, 2be is 15 microns. According to Table 5.1, the fracture opening displacement 

is about 20 microns at grout breakthrough and outflow from the fracture boundary. 

In the following sections, the minimum fracture aperture is 20 microns at the grout 

breakthrough. Because most parts of the fracture walls are in contact with each 

other, the breakthrough pressure should reduce the areas of the fracture walls in 

contact, and should increase the aperture to at least 20 microns. 

2.6.5 Fracture Layer Model 

Fluid flow through fractures in a rock mass depends on the stress state of the rock 

mass and the geometry of the fractures. A fracture can be thought of as two surfaces 

in partial contact. When a fracture is stressed, the void space in the fracture 

defonns, and changes in contact area occur, affecting the hydraulic properties of 

the fracture. Figure 2.16 shows a physical fracture and a conceptual fracture model. 

Brown and Scholz (1985) determined from theoretical and experimental results that 

fracture displacement is not only a function of the elastic properties of the rock 

mass, but also depends critically on the way in which the surface topography affects 
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the contact distribution. Swan (1983) measured fracture surface topography and 

normal stiffness. He observed that hydraulic conductivity of the fracture, normal 

stiffness, and true contact area are simple functions of pressure and initial aperture 

and that the fracture wall roughness properties appear to be irrelevant. 

The fracture layer model (FLM) considers the fracture aperture itself as a 

layer with significantly weaker mechanical properties than the rock mass which 

hosts the fracture. This layer can be modelled by distributed springs acting be

tween the fracture walls. Suppose that the spring is linearly elastic, and can be 

compressed by the normal compression stress on the fracture and be enlarged by the 

grouting pressure. \Vhen the normal compressive stress is large enough, this layer 

can be totally compressed so that no further fracture displacement can be allowed. 

Grouting pressure applied on the fracture walls can pull the springs and increase 

their length, widening the fracture. If such pressure is large enough, springs can 

be broken. Then all pressure is applied to the fracture walls and compresses the 

rock mass. Physically, when the fracture opens large enough or the displacement 

of the fracture is larger than the thickness of the fracture layer, only the rock mass 

deformation contributes to further fracture displacement. In this situation, the 

springs are asswned to be broken. 

Spring stiffness and applied force mainly control the deformation of the 

spring. For nwnerical analysis, the spring stiffness is interpreted by the effective 

Young's modulus and Poisson's ratio. To use this model, an appropriate consti

tutive equation for the springs must be determined, either theoretically or experi

mentally. 
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In the fracture layer model, the effective Young's modulus of a fracture can 

be expressed in terms of the fracture stiffness and fracture aperture: 

_ au = au do 
aE ad 

- kndo (2.71) 

where, kn is the normal stiffness of the fracture (Palm), d is the fracture displace

ment, do is the fracture aperture (m), and E is the normal strain, given by: 

2.6.6.1 Fracture Thickness 

ad 
E=

do 
(? -?) -.1-

The maximum fracture displacement and the stiffness of the fracture depend on the 

thickness of the fracture layer. A thicker fracture can be expected to give a larger 

fracture inner edge displacement at a low fluid pressure. When this displacement is 

large enough, the fracture starts to accept grout. The amount of grout accepted by 

the fracture is controlled by the space opened up by the injection pressure. Grout 

flows into the fracture and transmits injection pressure to fracture walls. The 

farther the grout reaches, the larger the force applied on the fracture walls, and 
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the wider the fracture opens up. In fact, there is a big pressure loss or pressure 

change along the fracture due to the yield stress of the grout and the friction 

between the fracture walls and the injected fluid. If some coarse particles or clots 

block the grouting, the injection pressure can not be transmitted across the blocked 

particles or clots. In this situation the injection pressure can not be transmitted. 

Numerous researchers (e.g., Neuzil and Tracy, 1981; Brown, 1984; Desroches 

and Cornet, 1990; Gale et al., 1987; Moreno et al., 1988; Tsang et al., 1988; and 

Tsang and Tsang, 1987, 1989) have studied the aperture distributions in a fracture. 

Tsang and Tsang (1989) proposed that the aperture in a real rock fracture may 

be idealized as a pair of parallel plates with constant aperture and separated by 

a constant distance. Tsang and Tsang (1987) use an aperture density distribu

tion, shown in Figure 2.20, to characterize the range of aperture values in a single 

fracture. The largest aperture is about two times the average aperture. Gale et 

al., (1987) studied the aperture distribution by injecting resin into fractures. The 

thickness of resin indicates the fracture aperture. Results similar to those of Tsang 

and Tsang (1989) have been observed. 

The equivalent fracture apertures in Table 5.1 are the results of flow testing. 

They can be considered as average fracture apertures. According to the experi

mental results in Figure 2.20, the thickness of the fracture layer is assumed as twice 

the equivalent aperture. 

For a tension induced fracture, the upper and the bottom fracture walls have 

almost the same profile, well matched with each other. When these two plates are 

put together, they are in contact with each other. At most points the aperture is 
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Figure 2.20: Aperture distribution in a fracture, by Tsang and Tsang (1987). 
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zero if the normal stress applied on fracture is large enough. After the fracture has 

been saturated, a thin water film separates these two fracture plates. In this sense, 

the thickness of the contact zone is about the thickness of the water film. After the 

rock sample has been split into two plates, some pores in the split line have been 

split too. Because rock is a porous medium, a lot of broken pores appear on the 

surface of the fracture. When these pores are interconnected, they form the major 

conductance paths for water. The equivalent fracture aperture determined by flow 

testing is only an average value. It does not represent the real fracture aperture. If 

the grout is to penetrate the fracture, the fracture aperture over the entire fracture 

must be widened, because the fracture has relatively uniform aperture and no larger 

flow channels are available to conduct grout. 

For natural fractures, many investigations have confirmed that fluid flow 

in rock fractures is through interconnected channels instead of entire fractures 

(Tsang, 1984; Neretnieks, 1985; Bourke, 1987; Moreno and Neretnieks, 1987). 

Rock fractures are rough and contact each other at discrete points (Gangi, 1978; 

Brown and Scholz, 1985; Brown, 1987; Tsang and Witherspoon, 1981). The contact 

changes as a result of rock deformation. Bourke et al. (1987) demonstrated that 

flow in a single fracture took place in a limited number of channels that occupy a 

total area of only about 10% of the fracture plane. 

In this investigation, most tests are conducted on tension induced rock frac. 

tures with normal load. The normal load directly controls the contact area of the 

rock fracture, and forms small flow channels over the entire fracture plane. Flow 

channels develop in the entire fracture plane. Most channels can not conduct fluid, 
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because either their cross section is so small that they require a high breakthrough 

pressure, or the channels are not interconnected. '\Then flow channels are very 

small, they are unable to conduct fluid. Bentonite grout can not penetrate the 

channels at the orovided injection pressure due to high yield stress, but water can. 

Consider two elastic plates z > 0 and z < 0, which are in contact across 

certain regions of the plane z = o. These contact zones form a fracture layer with a 

thickness of 2b. 2b is about twice the initial fracture aperture before grouting. This 

fracture layer can be considered as breakable springs bridging the two plates, as 

indicated in Figure 2.16. It is assumed that the spring size and spacing are uniform 

across the plane z = O. This fradure layer is to be represented by a continuous 

distribution of linear elastic springs, as shown in Figure 2.16b. 

2.6.6.2 Fracture Profiles During Grout Injection 

Figure 2.21 shows the fracture inner edge displacement as a function of grout travel 

distance in the fracture. Beyond that travel distance no grout pressure is applied on 

the fracture walls. \Vithin that distance the grout pressure applied to the fracture 

walls obeys the law in Eq. (2.37). a is 4.72 x 10-" and To/PO is 0.0005. The 

fracture inner edge opens up non·linearly with increasing grout travel distance in 

the fracture. This confirms that low breakthrough pressure is required when some 

compressed air and grout/air mixes flows into the fracture before grout penetration. 

In this case, the grout pressure is applied over the entire fracture plane so that the 

fracture has a larger inner edge displacement than when only parts of the fracture 

walls are subjected to grouting pressure. 
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Figure 2.22 gives the fracture profiles when grout is flowing in the fracture. 

The fracture aperture increases as grout penetrates into the fracture. Fracture 

aperture increases with the distance the grout travels. The fracture profile flattens 

with the radial -Ustance the grout travels. 

Figure 2.23 through 2.27 give fracture profiles for a pressure on the inner 

edge, 2b deep into the fracture wall, around the injection hole in the fracture and 

for a pressure applied over the entire fracture walls. The displacement of the 

fracture decreases sharply with distance into the rock sample when the injection 

pressure is applied around the fracture inner edge only. The fracture displacement 

decreases slightly over the radial distance when the grouting pressure acts over the 

entire fracture walls. According to Figures 2.23 to 2.27, sample length does not 

contribute to the shape of the displaced fracture profiles. The fracture displacement 

increases with an increase of the sample length. 

2.6.6 The Effect of Air in the Grout on the Breakthrough Pressure 

Figures 2.23 to 2.27 reveal that fracture opening displacement increases with grout 

travel distance in the fracture, or the extent to which grout pressure acts on the 

fracture walls. At the same grouting pressure, a significant difference is observed 

between the displacements when the grouting pressure is applied on the inner 

edge of the fracture only and when the pressure is applied over the entire fracture 

wall. The fracture inner edge displacement for grouting pressure applied on entire 

fracture walls is more than one order in magnitude higher than that for the grouting 
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Figure 2.22: Fracture displacement profiles when grout pressurizes progressively 
increasing areas of the fracture. Initial aperture 2110 is 10 microns, Po is 3 MPa, TO 

is zero, Pe is zero, Er/ EJ is 200, and Q is zero. Numbers are point locations shown 
in Figure 2.18. 
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Figure 2.23: Fracture displacement profiles for pressure applied on the inner edge 
of the fracture around the injection hole and for pressure applied over the entire 
fracture walls for H/W=1. 2bo is 10 microns, Po is 3 MPa, EriE, is 200, TO is zero, 
Pe is zero, and Q is zero. 
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Figure 2.24: Fracture displacement profiles for pressure applied on the inner tip 
of the fracture around the injection hole and for pressure applied over the entire 
fracture walls for H/W =2. 2bo is 10 microns, Po is 3 MPa, To is zero, Pe is zero, 
Er/ EJ is 200, and a is zero. 
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Figure 2.25: Fracture displacement profiles for pressure applied on the inner tip 
of the fracture around the injection hole and for pressure applied over the entire 
fracture walls for H/W =3. 2bo is 10 microns, Po is 3 MPa, To is zero, Pe is zero, 
Er/ E, is 200, and Q is zero. 
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Figure 2.26: Fracture displacement profiles for pressure applied on the inner tip 
of the fracture around the injection hole and for pressure applied over the entire 
fracture walls for H/W=4. 2bo is 10 microns, Po is 3 MPa, Pe is zero, Er/ EJ is 
200, TO is zero, and Q is zero. 



125 

10. 3 

a-- Pressure applied on the Inner adge 

- • Pressure applied on the .ntlre fractur • 
E -- 10. 4 c 
GJ 
E 
GJ ••• • • • • • u • • as a. 
(I) 

=s 10. 5 
a 
.5 
c 
GJ a. 
0 

~ e 10. 6 ::s - - - ."I!II!Ic a B B B B 
U e u.. 

H/W=5 
10. 7 

0.00 0.02 0.04 0.06 0.08 

Radial distance (m) 

Figure 2.27: Fracture displacement profiles for pressure applied on the inner tip 
of the fracture arotmd the injection hole and for pressure applied over the entire 
fracture walls for H/W =5. 2110 is 10 microns, Po is 3 MPa, Pe is zero, TO is zero, 
Er/ EJ is 200, and Q is zero. 



126 

pressure only applied on the inner edge 2bo deep into the fracture around the 

injection hole. This means that if air pressure acts on the entire fracture wall beiore 

the grout penetration, the breakthrough pressure will be reduced significantly. 

As concluded by Ran and Daemen (1992b), if some air appears in the grout 

or the grout does not completely fill the grouting pump, injection hole and grout 

delivery tubes, the breakthrough pressure is at least 1 MPa lower than when the 

grouting system is completely filled with grout, and contains no air. This conclusion 

has been confirmed by the numerical results. IT the grout does not completely 

fill the grouting system some pressurized air/grout mixes may penetrate into the 

fracture before the bentonite grout. Because air/grout mixes may have extremely 

low viscosity and low density, the pressure transmitted on the entire fracture walls 

is almost identical with the compressed air pressure or injection pressure. Hence, 

a large fracture displacement can be expected, and a low breakthrough pressure is 

required. 

2.6.7 Material Properties of Fracture Layer and Fracture Displacement 

The material properties of the rock and the stiffness or equivalent properties of 

the fracture layer control the grout breakthrough. The Young's modulus (Er) 

and Poisson's ratio (Pr) of Apache Leap tuff are 22.6 GPa and 0.20, respectively 

(Fuenkajorn and Daemen, 1990). The equivalent Young's modulus (EJ) of the frac

ture can be determined by the fracture stiffness and the thickness of the fracture, as 

in Eq. (2.i1). The effective Poisson's ratio (/1 J) of the fracture is taken to be zero, 

because the fracture layer is composed of springs and the main pressure applied in 



the fracture walls is axial. It is based on the asslllllption that any defonnation in 

the radial direction in the fracture layer will be adsorbed by the discontinuously 

and irregularly distributed voids spaces. 

Figure 2.28 shows the fracture inner edge displacement as a function of the 

ratio of the elastic modulus of the rock mass to that of the fracture layer. According 

to the measurements in Section 5.2, when the fracture opening displacement is 

larger than the critical value of 2 x 10-5 m, the grout can break through into 

the fracture. The critical fracture opening displacement depends on grout particle 

size and particle size distribution, or depends on dss . For a 2.0 MPa grouting 

pressure, grout breakthrough requires the Young's modulus ratio (EdEr) of the 

rock mass to rock fracture to be at least 1/200. Table 2.1 and Figure 2.28 give 

the breakthrough pressures as a function of the Young's modulus ratio of the rock 

mass to the fracture. 

Goodman (1976) suggested that the nonlinear fracture hydraulic conduct iv-

ity under stress is accounted for by the nonlinear and inelastic stress-displacement 

behavior of a fracture under compression. Pyrak-Nolte et al. (1987) report that 

the stiffness of fractures in rock samples is non-linear with the applied compressive 

stress. This is partially caused by changes in the contact area between the fracture 

walls with changing applied fluid pressure. Therefore, the equivalent elastic mod

ulus may not necessarily be constant with applied grout pressure. There may be 

a nonlinear relation between the fracture elastic modulus and the grout pressure. 

Pyrak-Nolte et al. (1987) show that the stiffness of a fracture in Stripa granite 

increases rapidly with compressive stress up to about 10 MPa and then increases 
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Figure 2.28: Vertical displacement of the inner edge of the fracture as a function 
of the Young's modulus ratio of the rock mass and fracture. 
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at a decreasing rate. For stress less than 10 MPa, the stiffness of the fracture is 

almost a constant. Therefore, in this study the assumption of a constant fracture 

elastic modulus or fracture stiffness is reasonable for grouting pressures less than 10 

MPa. However, there may be some difference between the stiffness of the fracture 

closure and the stiffness of the fracture opening. 

2.6.8 The Influence of Sample Size 

Breakthrough pressure depends greatly on the displacement of the fracture. To 

study the sample size influence on breakthrough pressure, laboratory results are 

scaled to the field conditions. In field conditions, the stiffness of fractures and the 

Young's modulus of the rock mass may be much lower than that of a rock sample. 

The Poisson's ratio may be higher than that of a rock sample. Therefore, a larger 

fracture opening displacement may be expected at the same injection pressure. 

Hence, a low breakthrough pressUre may be required. 

vVhen the fracture displacement at the inner edge of the fracture is larger 

than 2 x 10-5 m, according to grouting tests, the grout breaks through into the 

fracture. The pressure which produces such a displacement at the inner edge of 

the fracture is defined as the breakthrough pressure. Because part of the fracture 

displacement is from rock sample deformation, the sample size has an influence 

on breakthrough pressure. Fracture deformation produces most of the fracture 

opening displacement. The influence of the clastic rock is not as significant as 

fracture aperture and the mechanical properties of the fracture, because the intact 

rock has much higher elastic modulus. 



130 

Table 2.1: Breakthrough pressure and sample size 

Breakthrough Pressure (MPa) 
(H/W) EI/Er = 1/200 EIlEr = 1/500 

1 7.38 3.11 
2 -?? f. __ 3.08 
3 7.06 3.05 
4 6.90 3.02 
5 6.75 2.99 

Table 2.1 gives the breakthrough pressure as a function of the size ratio 

(H/\V) of the sample height to the sample diameter and the ratio of the equivalent 

elastic modulus of the fracture to that of the rock. The breakthrough pressure de

creases slightly with an increase in H/\V for elastic ratios, rock sample to fracture, 

of 1/200 and 1/500. The longer the rock sample the smaller the breakthrough 

pressure, because the longer rock sample can provide more fracture opening dis

placement. The displacement of the rock is proportional to the sample length. To 

penetrate a fracture with the same fracture properties, the breakthrough pressure 

will be lower than in the laboratory, because of the large scale of the rock mass. 

As H/\V increases from 1 to 5, the breakthrough pressure decreases 8% for Er/ EJ 

= 200, compared to a 4% decrease for E,./ EJ = 500. This suggests that the length 

effect becomes smaller and smaller when the elastic ratio E,./ EJ increases. If a frac

ture has a very low equivalent elastic modulus, the rock mass deformation makes 

no contribution to the breakthrough pressure. 
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Table 2.2: Breakthrough pressure and fracture aperture 

Aperture Breakthrough Pressure (MPa) 
(pm) EilEr = 1/100 E,/Er = 1/200 Ed Er = 1/500 

10 53.0 40.0 23.2 
6G 18.8 10.7 4.7 
100 12.3 6.7 2.8 
150 8.7 4.6 1.9 
200 7.0 3.6 1.5 
250 5.9 3.1 1.3 
300 5.2 2.7 1.1 
350 4.7 2.4 1.1 
400 4.3 2.2 0.9 

2.6.9 Breakthrough Pressure and Fracture Aperture 

As mentioned in previous sections, fracture aperture has a strong influence on 

breakthrough pressure when the aperture is smaller than the largest particle or 

clot size in the grout. This influence may clisappear for large apertures. A study of 

the influence of the fracture aperture on breakthrough pressure may allow a deter-

mination of what fracture aperture bentonite grout can penetrate under reasonable 

or safe injection pressures. 

Results in Section 5.2 indicate that grout pressures, driving bentonite sus

pension flow through a fracture, varies with fracture aperture. The breakthrough 

pressure increases with a decrease of fracture aperture (Ran and Daemen, 1992b). 

Numerical analysis results confirm that the smaller the aperture the higher the 

breakthrough pressure needed for grout penetration. 

Figure 2.29 and Table 2.2 show that the breakthrough pressure decreases 
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rapidly with an increase in fracture aperture when the fracture aperture is less than 

100 microns. For fracture apertures greater than 100 microns, the breakthrough 

pressure decreases only slightly with an increase in fracture aperture. For apertures 

larger than 300 qUcrons, the breakthrough pressure is almost constant. The break

through pressure for a 10 J.lm aperture is 5 times higher than that for 60 J.lm for a 

Young's modulus ratio (EJ/Er ) of 1/500, 4 times higher than that for a Young's 

modulus ratio of 1/200, and 3 times higher than that for a Young's modulus ratio 

of 1/100. 

Figure 2.29 shows why it is extremely difficult to inject into fractures with 

aperture less than 10 microns using conventional grouting technology, such as using 

constant injection pressure. The breakthrough pressures to penetrate a fracture 

with an aperture of 10 microns are 23.2 to 53.0 MPa for Young's modulus ratio 

from 1/500 to 1/100. It is unsafe to use such high injection pressures for grouting. 

Conventional grouting systems can neither provide nor bear such high pressures. 

High injection pressure can damage the grout delivery system if pipes and its 

connections are not designed for such pressures. A high injection pressure may 

cause a stress concentx:ation in fracture edges leading to damage of the rock mass 

around the fracture. Fragmented rock pieces left in a fracture may block grout 

penetration. However, it is possible that fracture with apertures less than 10 J.lm 

can be filled by bentonite swell. Compacted bentonite when wet can produce 

swelling pressures as high as 40 MPa (Pusch, 1980; Gray et al., 1985; Allison et 

al., 1989; Borgesson and Pusch, 1989; Oscarson et al., 1990) which can wedge into 

minute fractures over a long swelling time. However, the penetration deep into 

fractures may be limited. 
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Numerical results indicate that it is possible to inject Volclay bentonite grout 

into fractures with apertures smaller than 100 microns and larger than 50 microns, 

even using constant pressure injection. Under field conditions, the grouting may be 

easier than in I .. boratory tests. Fracture walls in the field may not be in complete 

contact and may not be well matched. Large channels distributed in fractures can 

be penetrated without high breakthrough pressures. The injection pressure in the 

field may create hydrofractures in the rock mass. Grout pressure may produce ten

sile stress around injection holes when an uplift pressure is applied to the packers. 

If the grout pressure produces tensile stress in excess of the tensile strength of the 

rock mass, hydrofractures can be initiated at the wall of the grout injection hole 

(\Vong and Fanner, 1971). Hydrofractures can conduct more grout. So the break

through pressure in Table 2.2 and Figure 2.29 may be higher than breakthrough 

pressures for field grouting to penetrate fractures with the same aperture and with 

the same mechanical properties of the rock mass and fracture. 

Figure 2.29 and Table 2.2 show that when the equivalent elasticity of the 

fracture is about 1/200 to 1/500 of that of the rock mass, the measured break

through pressures is in the range of the numerical results. The measured break

through pressure is lower than the numerically estimated values for fractures with 

apertures of 40 microns, due to air being mixed in the grout and causing the grout 

do not completely fill the grouting system. When air penetrates the fracture before 

the grout, air pressure applies on the entire fracture walls and produces additional 

fracture opening displacement. For fractures with apertures of 120 and 150 mi

crons, the measured breakthrough pressures coincide with the calculated one for 

Er / E, = 1/500. The equivalent fracture stiffness is about 4.52 x 1012 to 1.13 x 
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1011 Palm for an aperture from 10 to 400 microns. 

\Vhen Erl El = 500, the calculated breakthrough pressures coincide with 

the measured one. Some measured breakthrough pressures are lower than that 

of the calculated. One reason may be that some air is mixed in the grout. Air 

transmits grout pressure over the entire fracture plane, and reduces the required 

breakthrough pressure, as discussed in Sections 3.5 and 5.2. 
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CHAPTER 3 

STABILITIES OF BENTONITE GROUT AND RHEOLOGICAL 

PROPERTIES OF BENTONITE SUSPENSIONS 

3.1 Introd uetion 

Rock fracture sealing for nuclear waste repositories and environmental engineering 

requires that the sealing barriers have a low permeability, a long lifetime and a 

high resistance to erosion. Traditional cement grouting may not meet all these 

requirements. Bentonite may be an ideal sealing material (Gnirk, 1987). 

Bentonite has excellent sealing performance and has been selected as a major 

sealing component for borehole sealing in several repository concepts. Bentonite 

has good hydraulic, chemical-stability and fracture-healing properties that would 

provide effective long-term sealing (Gnirk, 1987). Bentonite can penetrate rock 

fractures either by viscous flow or by expansion (Pusch, 1978a). The penetration of 

bentonite suspensions into minute artificial fractures shows that bentonite slurries 

can reduce fracture permeability greatly and can produce gels at low concentration 

(Ran and Dacmen, 1991). Some disadvantages are observed in model tests (Ran 

and Daemen, 1991), such as channeling in the grout and the fact that grout can 

be washed away when the pressure gradient is high enough. 
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The use of bentonite and \ .... ater for rock fracture grouting needs to be studied 

further, because se .... eral significant uncertainties remain with regard to bentonite 

grout performance. Especially, the injection mechanics of bentonite suspensions 

into rock fractures and some theoretical aspects of seal performance should be well 

understood. Such an understanding is critical in order to allow predictions of the 

long term behavior and efficiency of bentonite fracture grouting. Examples of topics 

in need of an impro .... ed understanding include the stabilities of bentonite grout 

(e.g. erosion, washing out, etc.), bleeding and rheological properties of bentonite 

suspensions, the effectiveness of the bentonite grout, the groutability of a rock 

fracture, the mechanism of water movement in saturated grout and in shrunken 

grout, and the formation of channeling. 

Fracture grouting with bentonite suspensions has been conducted on artifi

cial fractures in models, and on natural and tension-induced fractures in samples 

of Apache Leap tuff. Assessing the stabilities or longevity of bentonite grout in

cludes the study of the physical and chemical performance of grout in the artificial 

fractures in fracture models, including erosion at high pressure gradient and un

der long testing time, resistance to wash out and self-healing ability. This work 

includes investigating the effect of channeling and of washing out on the sealing 

performance, and estimating the washing out pressure gradient. 

The flow properties of bentonite suspensions, such as viscosity, shear 

strength, gelation and yield stress deserve further investigation, particularly with 

regard to the influence of composition (e.g. solids content, particle size, water 

chemistry), mixing, and emplacement procedures. TillS research also includes the 
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study of water movement in bentonite grout in response to a pressure gradient, 

especially in shrunken and dried grout, and the study of the stability of bentonite 

suspensions, as characterized by settlement velocity and settlement capacity. 

This chapter presents the results of bentonite suspension characterizations, 

the results of erosion and washing out tests and the results of tests on water flow 

through shrunken and dried grout, as well as hydraulic conductivity measurements 

related to the injection pressure. Bentonite suspension characterization includes 

the determination of rheological properties such as yield stress, breakdown kinetic 

constant and shear thinning index, and the stability or bleeding of suspensions. 

3.2 Settlement of Grout 

The objective of studying the settlement properties of grout is to estimate the sta

bility of the bentonite suspension. The settlement properties of grout suspensions 

include settlement capacity and settlement rate. Settlement capacity and settling 

rate of a bentonite suspension determine the stability of the grout slurry. Try

ing to inject unstable grout may block the delivery pipe line or the injection hole. 

Unstable grout may leave a layer with high conductivity at the interface of grout 

and upper fracture wall. Bleed passages may also form channels in the grout that 

reduce the quality of sealing. This section gives a summary of bentonite suspension 

stability tests. 

Suspended bentonite particles in a dilute water solution at rest settle under 

the force of gravity. Thin grout, even clear water, appears at the surface as a 
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result of bleeding or settlement. Once grout movement slows down or stops, water 

bleeds upwards and bentonite particles gravitate downwards. and the grout density 

redistributes in delivery pipe, injection hole and fractures. If bentonite particles 

settle in a fracture, a space filled with thin grout or clear water can form at the 

interface between grout and the upper face of the fracture. This interface may have 

a high hydraulic conductivity. \Vhen a large amotult of bleeding takes place in the 

injection pipe, the pipe may become blocked, and a high injection pressure may be 

needed. Blockage can also take place in a fracture due to bleeding. In that case, 

the delivery distance becomes small. \Vhen the injection pressure is released, the 

bleed water may flow back and cause channeling. 

The bleeding or settlement can be described by the settlement or bleeding 

rate Ra, settlement capacity Ca , and start and ending time of the bleeding. The 

settlement rate Ra is given by: 

R _ dV 
a - dt (3.1) 

where V (m3 /m2 ) is the settled volume per unit area, and t is the setting time. 

The total volume V. of settlement in time t is given by: 

(3.2) 
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The settlement capacity C3 is given by 

(3.3) 

where A. is the area of the settlement column, and Va is the initial volume of the 

bentonite suspension. 

By convention, the volume percent is used to express the settlement capacity. 

For cement grout, the bleeding capacity is expressed as the fraction of the volume 

of bleed water to the total volume of the suspension. In bentonite suspensions the 

boundary between bleed water and bentonite gel is not always clear. It is easy to 

measure the settlement volume. In this study the settlement capacity is therefore 

used. 

The bleeding speed depends on the size and shape of the suspended parti

cles. The settlement velocity is proportional to the square of the particle diameter. 

The particles in suspension are subjected not only to gravity, but also to elec-

trochernical forces and to attractive forces that cause Brownian motion. \Vhen 

the sedimentation velocity of the particles is lower than that of the Brownian mo

tion, no bleeding takes place. In grouting engineering, a grout suspension in which 

particles do not settle at all within 24 hours is called a stable suspension. 

Table 3.1 and Figure 3.1 summarize the measured bleeding properties of 

bentonite suspensions. Complete test results are given by (Ran and Daemcn, HI!H. 

Appendix D). 
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Table 3.1: Settling properties of Volclay bentonite suspensions 

Bentonite Settlement Settlement Settlement Settlement 
Content Capacity Rate Start End 

(%) (%) (cm/s) (min) (min) 
5.C 12.1 3.92 x 10-:> 0 1094 
7.5 13.3 3.34 x 10-5 12 1422 

10.0 11.8 2.19 x 10-:> 778 1932 
12.5 9.5 l.18 x 10 :; 1410 2865 
15.0 0.0 0.0 - -

From Table 3.1 and Figure 3.1, a bentonite suspension with solids concen

tration greater than 15% is quite stable. No bleed water appears on the surface 

of such a suspension. A grout is unstable if the bentonite concentration is 12.5% 

or less. If a grout suspension with a bentonite solids content less than 12.5% is 

injected into a fracture, some bleed water may appear on the surface of the grout, 

and may form a highly conductive layer in a grouted fracture. 

3.3 Rheological Characterization of Bentonite Suspensions 

A bentonite suspension behaves as a strongly time-dependent non-Newtonian fluid, 

due to flocculation. The flow of bentonite suspension in a fracture or a void presents 

unusual characteristics (Jones, 1963). To characterize the rheological properties 

of bentonite can help provide a better understanding of grouting efficiency. It is 

essential to specify as well as possible the conditions under which a bentonite slurry 

may be expected to penetrate into rock fractures and to seal all pathways for water 

or air flow. 
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Figure 3.1: Settlement of bentonite particles as a function of time. % bentonite 
content is indicated on graphs. V~ is the settled volume, and Vo is the initial grout 

volume. 
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The viscosity of bentonite suspensions varies as the shear rate and as the 

agitation time. Viscosity and agitation time are related by a negative power law, 

while shear stress increases as a positive power function with increasing shear rate 

(Ran and Daelllen, 1991). A knowledge of the rheological properties contributes 

to a better understanding of the mechanisms of mass transfer during grouting. 

This section presents relations bet\,,·een viscosity, shear stress and yield stress, and 

agitation time, shear rate and solids concentration. The shear thiIUling index is 

also given. 

3.3.1 Shear Stress and Viscosity 

To inject bentonite suspension into a fracture, a force must be applied to over-

come viscous forces, to break the structure of the solid particles and to keep the 

structure broken. Therefore, energy must continuously be added to keep the grout 

penetrating. For a Brookfield cylinder viscometer, the shear stress is 

(3.4) 

where T is the shear stress (Pa), ,M is the applied torque (N.m), R" is the radius 

of the spindle (m), and L is the effective length of the spindle (m). 

Viscosity of a fluid is the negative slope of the plot between shear stress, T, 

and shear rate, " (Brookfield Engineering Laboratories Inc, undated): 



T 
17=

i 

144 

(3.5) 

For non-Newtonian fluids, Tattersall (1955) gives an equation to describe 

the torque applied by the instrument related to time. At constant shear rate the 

torque (A1) at time t decays from an initial value (At/o) to an equilibrium value 

(.Me) as given by: 

(3.6) 

where B is the breakdown kinetic constant. Viscosity can be expressed as: 

(3.7) 

where TJe is the viscosity at equilibrium, and 7]0 is the viscosity at the start of the 

measurement. 

and 

J/o 
7]0 = R2L 2rr b i 

(3.8) 



Tie =? R2L 
_ii b i 

In log-log system Equation (3.7) becomes: 

From Equation (3.10), the breakdown kinetic constant is given by: 

B= In(Tlo-Tle) 
In (TI - Tie) t 
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(3.9) 

(3.10) 

(3.11) 

Tattersall (1955) gives an other expression for the breakdown kinetic con

stant in tenns of breakdown energy density and rotation velocity of the spindle, 

as 

?-k 
B = ~w(M -1'vI,,) 

no!? 
(3.12) 
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in which k is a constant, no is the number of original linkages between particles, 0 

is the \vork done in breaking one link, no¢ is the breakdown energy density with 

solid concentration, and w is the velocity of the spindle in rpm. 

The breakdown kinetic constant B can be determined by fitting the test 

results of the viscosity of the bentonite suspension as a function of test time. Figure 

3.2 gives the measured and the calculated viscosities of a bentonite suspension with 

19% solids as a function of time. Equation (3.7) underestimates the viscosity for 

test times beyond 400 seconds. The breakdown kinetic constant is the result of 

the unusual flow properties of bentonite suspension (Scheiner and Stanley, 1989). 

At different time stages, a different flow model may govern bentonite suspension 

movement. Equation (3.7) may have to be improved in further study. 

3.3.2 Shear Thinning Index 

Since apparent viscosity of bentonite suspensions varies with shear rate, a viscosity 

measurement at one shear rate is not adequate to describe the flow properties of 

such a suspension. Rosen (1971, 1972) introduced a simple parameter, called shear 

thinning index, to characterize a non-Newtonian rheology. The shear thinning 

index (STI) is given by: 

STI = d(logw) 
d (logr) 

(3.13) 



1-17 

1~~----------------------------------~ 

-co =-I =--- 1000 
ID 

as 
c.. a -
!' -ID DOG 
0 
a 
III -:> 

Figure 3.2: Viscosity of a bentonite grout with 19% solids content as a function of 
test time. The solid line is calculated from Equation (3.7). 
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Krieger and Maron (1952) give the expression of shear rate as 

i = -2wSTI (3.14) 

From the Ostwald de \Vaele equation (Rosen, 19i1; Jinescu, 1974; Sikdar 

and Ore, 1979), the shear stress can be described as a power law: 

(3.15) 

where I\ is the viscosity index, i is the shear rate, and n is the flow behavior index: 

as 

d(logr) 
n = ---'---'--

d(logbD 
(3.16) 

For a power law fluid, the shear thinning index is defined by (Rosen, 19i1) 

i 
STI= -

n 
(3.17) 
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Table 3.2: Flow properties for Volclay bentonite suspensions, calculated based on 
the results reported by Ran and Daemen (1991, Ch.2 and Ch. 6). 

Solids Content Flow Behavior Shear Thinning 
(%) Index (n) Index (STI) 
11 0.335 2.99 
15 0.272 3.68 
19 0.281 3.56 
23 0.301 3.32 

In Equations (3.15) and (3.16), the shear thinning index may adequately 

describe the thixotropic properties of a non-Newtonian fluid. 

Shear thinning indexes for some bentonite suspensions are given in Table 

3.2. Figure 3.3 gives a log-log plot of the shear stress as a function of shear rate. 

The slope of the straight line is the flow behavior index for the suspension. 

From Table 3.2 and Figure 3.3, the shear thinning index increases when the 

bentonite content increases from 11 to 15%, and decreases when the solids content 

increases from 15 to 23%. 

From Equations (3.5), (3.14) and (3.15), the apparent viscosity of a suspen-

sion can be expressed as : 

(3.18) 

or 
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Figure 3.3: Log-log plot of the shear stress as a function of shear rate. The slope 
of the straight line is the shear thinning index. 
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Table 3.3: Viscosity constant as a function of solids content in Volclay bentonite 
suspenSlOns. 

Solids Content Viscosity Constant 
(%) (n-1) 
11 -7.32 
15 -7.48 
19 -7.15 
23 -6.99 

10g( 11) = 10g(1{) + (n - 1 )log{-y) (3.19) 

Equation (3.19) shows that a linear relation can describe the relation be

tween 10g( 11) and log( i), as illustrated in Figure 3.4 and in Table 3.3. The viscosity 

constant changes slightly as the solids content of the suspension is increased from 

11 to 23%. 

3.3.3 Yield Stress 

Yield stress is the main control factor of the breakthrough pressure and of the 

delivery distance during grout injection. Present work demonstrates that the yield 

stress of a grout slurry can be correlated with bentonite concentration, as given in 

Figure 3.5a, and can be described by: 

TO = A. + B ¢ + C ¢2 (3.20) 
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Figure 3.4: Log-log plot of viscosity as a function of shear rate for bentonite sus

pensions with different solids contents. 
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where .4, B and C are constants, and ¢ is the bentonite weight fraction in the 

grout. For bentonite grout tested here .4 is 9.12 x 10-1 Pa, B is -5.05 X 10-1 Pa, 

and C is 0.62 X 10-1 Pa. The coefficient of correlation (r2) from Equation (3.20) 

is nearly one. 

Another mathematical relationship, as illustrated in Figure 3.5b, has been 

determined between yield stress (TO) and solids concentration in grout, i.e. 

(3.21) 

where Tg (Pa), a and b are constants. For bentonite suspensions tested, Tg is 1 Pa, 

a is 0.113, and b is 0.019. The regression gives a coefficient of correlation (r2) of 

0.925. 

Equation (3.21) gives a simple, linear, relation between log( To) and bentonite 

concentration (¢». When ¢> = 0.35, the suspension has 35% bentonite, TO is 240 Pa. 

Prediction of the yield stress using Equation (3.21) is reasonable and is sufficiently 

accurate, if a suspension has a solids content between 11 to 23%. 
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Figure 3.5: Yield stress as a function of Bentonite concentration. The solid line in 
(a) is calculated by polynomial (3.20), and in (b) by exponential function (3.21). 
The squares are test results from Ran and Daemen (H)91). 
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3.4 Erosion and Wash-out Testing 

3.4.1 Introduction 

Physical and chemical stability of bentonite grout are two major concerns regarding 

its long-tenn sealing performance. In general, integrity, swelling, cation exchange, 

adsorption, plasticity, permeability and shear strength are the most important fac

tors which influence the long-tenn performance of bentonite grout sealing barriers. 

Bentonite grout particles are subjected to drag forces resulting from ground water 

seepage through channels and pores. Isolation barriers may lose the ability to re

tard water when flowing water carries away solid particles and cations, and causes 

cation exchanges between the water and the grout. Cation exchanges may alter the 

type of interparticle association, such as deflocculation and aggregation (Michael 

and Bolger, 1962; van Olphen, 1951, 1963, 1964). Changes in physical-chemical 

conditions of the grout cause transitions in the balance of van der \Vaals attractive 

force and electric repulsive forces that exist between double layers (Stawinski et aI., 

1990). According to Swartzen-Allen and Matyevic (1974), the electrolyte kind and 

concentration have significant influence on the type of microstructure of the grout 

in a fracture. Different microstructures have different abilities to conduct water 

(Pusch and Borgesson, 1989). Erosion and washing away by flowing ground water 

can severely damage the isolation performance of grout in fractures. It is important 

to be able to estimate and assess the performance of bentonite grout in a fracture 

model so that fundamental information is available for repository sealing designs 

and performance evaluations. The work reported on here consists of evaluating the 
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ability of bentonite grout to resist erosion and to being washed away under high 

hydraulic pressure. 

The erosion of bentonite studied here refers to the very slow process of grout 

responding to contact and reaction with water, both physically and chemically. 

These contacts and reactions may involve a phase change, microstructure variation 

and a degrading of its ability to resist conducting water. All these changes are 

interpreted in terms of the hydraulic conductivity of the grout. 'Wash-out tests 

study the mechanical interaction between grout particles and hydraulic pressure, 

determining the ma.ximum pressure that can be applied on bentonite grout without 

grout failure. The wash-out process is a sudden, or mechanical, failure of the grout. 

The integrity of grout in a fracture may no longer be uniform, after the 

grout is subjected to hydraulic pressure loading, to varied load conditions and 

to losing its moisture content. As reported by Ran and Daemen (1991), a high 

injection pressure gradient can produce hydraulic fractures in bentonite grout. In 

addition, channels develop after the injection pressure is released, when a fracture 

is small enough, and when the injected suspension has a bentonite content less than 

20% (Ran and Daemen, 1991). Furthermore, grout shrinks when losing moisture, 

and shrinkage forms interconnected cracks (Ran and Daemen, 1991). Hyd:.-aulic 

fractures, channels and cracks are preferential flowpaths for water flow. When 

water moves through such paths erosion can take place. Flowing water can wash 

away bentonite particles, can extend and enlarge flow channels, and can carry away 

cations. 

Bentonite grout is a soft gel, abundant in sodium, when fully saturated. 



157 

Bentonite particles may disperse in water. It is highly probable that cation ex

changes occur between bentonite and flowing water. Bentonite particle dispersion 

and cation exchange have significant bearing on the struct ure of interlaminar water, 

hence, on swellmg, permeability, rheology and hydrothermal stability. 1£ particle 

dispersion and cation exchange take place, the sealing ability of bentonite grout 

may be degraded. However, the erodibility of bentonite grout depends greatly 

on the characteristics both of the flowing water and of the bentonite. The injec

tion pressure, hydraulic gradient and flow rate play important roles in mechanical 

washing away of solids particles. 

The erodibility of bentonite can be analyzed by comparing the drag forces 

exerted by flowing water with the cohesive bonds between particles (Pusch et al., 

1987; Shaikh et al., 1988a and 1988b). Bentonite grout in a fracture can be washed 

out when the applied pressure gradient is high enough. In order to estimate the in

fluence of pressure gradient on the physicai stability of bentonite grout, the pressure 

gradient at which washing out of bentonite occurs should be determined, especially 

in connection with channeling. 

The aim of this study is to estimate the washing out pressure gradient, to 

evaluate hydraulic conductivity response to flow rate, and especially to study the 

sealing performance of grout after serial failures have been induced by wash-out 

pressure. In this study, the relation between injection pressure or pressure gradient 

and bentonite particle wash-out pressure is emphasized, as well as between flow rate 

and erosion. Wash-out pressure is the pressure that causes a sudden water flow out 

of the fracture boundary along hydraulic fractures, channels and shrinkage cracks. 
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The objectives of the erosion and wash-out tests are to describe the influence 

of bentonite content in grout on erosion resistance, to provide empirical relations of 

hydraulic conductivity changes when a grouted sample is subjected to various pres

sure gradients, and to estimate at what pressure gradient the sealing perfonnance 

may be affected. 

3.4.2 Erosion and Wash-out Test System 

The laboratory testing system for bentonite grout erosion and stability testing 

should allow approaches which can study the following aspects of bentonite grout 

perfonnance: (1) the wash-out pressure of the grout particles in the fracture under 

high pressure gradient; (2) the hydraulic conductivity of bentonite grout under 

various pressure heads; (3) the self-healing ability after grout particles have been 

washed away along failure channels or fractures; and (4) the ability of bentonite 

grout to resist wash-out under cyclic pressure loading . 

• L •. 

Figure 3.6 shows the laboratory setup. The system consists of a gas tank, a 

water reservoir, a pressure gauge and a grouted fracture model. The gas injection 

pressure is applied directly on the water in the reservoir. The water inflow into 

a grouted fracture is recorded. Hydraulic conductivity of the grout is calculated 

based on injection pressure and inflow rate. 

The test system is designed based on the observation that when water con

tacts and flows through grout, it can carry away bentonite particles and exchange

able cations. These changes may affect the stability of grout. After losing solids 
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particles and cations, the grout may change in electrolyte concentration, IOruC 

valence, dielectric constant, size of hydrated ion, pH, anion adsorption and mi

crostructure. 

The laboratory tests for bentonite grout erosion or wash-out testing are 

conducted on artificial fracture models. The fracture model consists of two circular 

plates of clear acrylic plastic. The plates are 2.5 cm thick and have an outer 

diameter of 30 cm and an axial injection hole with 2.5 cm diameter. Eight bolts 

around the outer edge clamp the two plates together. Eight small stainless steel 

spacers placed into the fracture at the bolts provide a uniform and adjustable 

aperture. 

3.4.3 Test Results and Analysis 

Five fracture samples have been tested, BGEWT-1, BGEWT-2, BGEWT-3, 

BGEWT-4 and BGEWT-5. The tests are labeled in accordance with the following 

scheme: BGEWT-3 is a Bentonite Grouting Erosion and Wash-out Test, 3 is the 

test sequence number. 

BGEWT-l, BGEWT-2 and BGEWT-4 are smooth fractures. BGEWT-3 

and BGEWT-5 are rough fractures. Before grout injection, each fracture is fully 

wetted by water injection. Table 3.4 gives the wash-out pressure for each test. 

Inflow, hydraulic conductivity, flow rate, hydraulic aperture and pressure gradient 

as a function of time are tabulated in Appendix D. 
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Figure 3.6: Laboratory setup for bentonite grout erosion and wash-out test. 

Table 3.4: Wash-out pressure of bentonite grout. 

Test Solids \Vash-out Pressure 
content 1st failure 2nd failure 

Number (%) (kPa) (psi) (em/em) (kPa) (psi) em/em 
BGEWT-l 19 124.2 18 91 20.7 3 15 
BGEWT-2 19 82.8 12 61 
BGEWT-3 19 82.8 12 61 
BGEWT-4 20 82.8 12 61 
BGEWT-5 20 89.i 13 66 48.3 i 35 

160 
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BGEWT-l 

BGE\VT-1 has a fracture aperture of33 microns, grouted by a bentonite suspension 

with 19% solids. The grouting pressure is 0.15 MPa. After removing the injection 

pressure, channeling develops in the grout, with sparsely distributed but relatively 

large channels. The hydraulic conductivity of the grouted fracture is 4.4-6.4 x 10-5 

cm/s (Table D.1). 

Sample BGEWT-l has been tested under pressure gradients from 0.26 to 

91 cm/cm (3.6 to 1,319 cm pressure head) for more than 4,700 hours (195 days). 

The grout in the fracture has been subjected to cyclic hydraulic pressure loading. 

The applied pressure starts from 1 psi (7 kPa) and is increased progressively to 

10 psi (69 kPa), and then reduced to 2 psi (14 kPa). The pressure is increased to 

over 10 psi pressure (69 kPa), until the washing out takes places. Grout particles 

have been washed out twice. BGEWT-l first fails at a gradient of91 cm/cm (124 

kPa injection pressure) after 1,706 hours of testing. The second failure occurs after 

2,040 hours of testing at a 15 cm/cm pressure gradient, 21 kPa injection pressure. 

When the grout fails the first time, water flows through a single channel in

duced by a pressure of 124 kPa (18 psi). The outflow water contains a small amount 

of bentonite. After the first washing away of grout, the remaining grout recovers 

its sealing ability, after the injection pressure is removed. Sample BGEWT-1 has 

been tested again, starting one week after the first failure, under 0.5, 14 and 21 

kPa (0.07, 2 and 3 psi) injection pressure, to evaluate the self-healing ability of 

grout. \Vater flows out through the same channel induced by the previous 124 
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~rPa wash-out pressure at 21 kPa (3 psi). After the second failure, the grout has 

been allowed to set for one month. The sample has been tested llllder a 0.4 kPa 

injection pressure to evaluate its sealing ability after the second wash-out failure. 

Then, BGEWT-1 has been reloaded under a progressively increasing injection pres

sure from 0.06 to 7 psi (0.4 - 48 kPa). No grout failure has been observed during 

this third sequence of washing-out tests. 

A high injection pressure can produce hydraulic fractures in the grout, as 

shown in Figure 3.7. Hydraulic pressure produces hydraulic fractures, when the 

grout strength is lower than the applied pressure. Most hydraulic fractures do 

not penetrate through the fracture model and do not conduct water across the 

entire fracture. Only one fracture leads to water flowing out of the model and 

possibly causes grout particles to be washed away. Some hydraulic fractures may 

be extended or enlarged channels originally induced by the injection pressure. Most 

channels are present immediately after grouting, when the grouting pressure is 

released, and before erosion and wash out testing is started. 

Hydraulic fractures vanish after the release of the applied pressure for wash

out testing. The recovery of hydraulic fractures proves the strong self-healing 

ability of bentonite. After two failures, the grout still has a hydraulic conductivity 

of 1.2-6.7 x 10-5 cm/s, about one order of magnitude lower than that of the hy

draulic conductivity of the grouted fracture when the test starts (Table 0.1). That 

suggests that the pressure-induced damage may be fully recovered if the setting 

time is long enough. 
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Figure 3.7: Bentonite grout washed away from BGEWT-l. Arrow indicates where 
the washing away takes place. 
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Figure 3.8: Applied pressure gradient and hydraulic conductivity of the grouted 
fracture BGEWT-1 as a function of time. 
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Figure 3.9: Hydraulic conductivity of the grouted fracture BGE\VT-1 as a function 
of pressure gradient. 
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Figure 3.10: Flow rate of water in the grouted fracture BG\VET-l as a function of 
pressure gradient. 
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Figure 3.8 shows that the hydraulic conductivity of the grouted fracture de

creases greatly when the applied hydraulic gradient increases from 5.5 to 10 em/em 

and from 0.28 to 50 em/em. After the first failure, the hydraulic conductivity in

creaseS by about two orders of magnitude, because some grout particles around 

the flow channel are washed away. The sealing ability of the failed grout does not 

fully recover after one week setting. Figure 3.8 shows that the grouted fracture 

has a high hydraulic conductivity from 1,700 to 2,600 hours, because failure had 

occurred and the applied pressure is very low (0.28 em/em pressure gradient), af

ter two failures. After the first failure, the grout has set for one week. The grout 

fails again at 15 em/em pressure gradient after resuming flow testing. After the 

second failure, the grout has been allowed to sit for one month. After the second 

resuming of flow testing, there is no failure at up to 36 em/em pressure gradient, 

which is much higher than the second failure gradient. The hydraulic conductivity 

decreases slightly when the pressure gradient is larger than 20 em/em, up to 80 

em/em pressure gradient, as shown in Figure 3.9. 

The flow rate through sample BGEWT-1 increases with an increase in hy

draulic gradient for a pressure gradient larger than 1 em/em up to 80 em/em, 

although with considerable variability, except during a short time after the grout 

failed (Figures 3.8 and 3.10, and Table 0.1). 

BGEWT-2 

BGE\VT-2 has a fracture aperture of 90 microns, and has been grouted with a 

bentonite suspension with Hl% solids. The grouting pressure is 0.45 MPa. The 
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breakthrough pressure is much higher than for BGE\VT-l, because a different 

grouting system is used (see Ran and Daemen, 1991, ch.5). The grouting system 

used in BGEWT-2 provides a low injection flow rate. Low flow rate leads to high 

shear stress and higher yield stress, and requires high injection pressure. After 

removing the injection pressure, channeling de .... elops in the grout. The hydraulic 

conductivity of the grouted fracture is 4.0-8.3 x 10-5 cm/s. 

Grout in BGEWT-2 has been tested under pressures of 1,2,4,6,10,2 and 12 

psi (7, 14,28,41,69, 14 and 83 kPa; gradient of 5.4, 10.5, 23.4, 31.4, 51.6, 10.5 and 

61.0 em/em). Grout fails at 12 psi (83 kPa) pressure after 721 hours of testing, 

leading to water outflow along a pressure induced channel. Figure 3.11 shows 

the hydraulic conductivity as a function of the applied pressure gradient and the 

test time. The hydraulic conductivity decreases with increasing pressure gradient 

and with time. When the pressure gradient is increased from 5.5 to 52 em/em, 

the hydraulic conductivity reduces by more than an order in magnitude. From 

Figure 3.11 and Table D.2, after 450 hours of testing, the hydraulic conductivity 

of the grout increases, because the pressure gradient has been reduced from 52 to 

10 em/em. The hydraulic conductivity for the second test under 2 psi (14 kPa) 

injection pressure (10 em/em pressure gradient) is lower than that under the first 

10 em/em pressure gradient, as shown in Figure 3.11. Figure 3.12 shows that the 

hydraulic conductivity decreases with increasing pressure gradient. The flow rate 

increases non-linearly with increasing pressure gradient (Figure 3.13). There is no 

significant flow rate increase when the pressure gradient increases from 10 to 52 

em/em. 
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Figure 3.11: Applied pressure gradient and hydraulic conductivity of the grouted 
fracture BGEWT·2 as a function of test. 
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Figure 3.12: Hydraulic conductivity of the grouted fracture BGEWT-2 as a func
tion of pressure gradient. 
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Figure 3.13: Flow rate of water in the grouted fracture BGWET-2 as a function of 
pressure gradient. 



BGEWT-3 

BGEWT-3 has a rough fracture model with a fracture aperture of approximately 

100 microns. The fracture has been grouted with a bentonite suspension with 19% 

solids. No channels appear in the grout after removing the grouting pressure. The 

upper wall of the fracture is a smooth plate to allow clear observation of the grout 

injection process and of the grout wash out. The bottom wall of the fracture is 

a rough plate with three sets of machine-cut grooves with a depth of 10 microns. 

Each groove has a U-cut with 3 mm width and 6 mm apart. Each set of grooves 

are 60D intersected. 

Grout in BGEWT-3 has been tested under pressures of 1, 2, 4, 6, 10, 2 and 

12 psi (7, 14, 28, 41, 69, 14 and 83 kPa; gradient of 5.4, 10.5, 23.4, 31.4, 51.6, 

10.5 and 61.0 em/em). Grout fails at 12 psi (kPa) pressure after 721 hours of 

testing, leading to water out flow along a single pressure induced channel. Figure 

3.14 shows the hydraulic conductivity as a function of pressure gradient and test 

time. The hydraulic conductivity decreases with test time as the pressure gradient 

is increased. When the pressure gradient increases from 5.5 to 52 em/em, the 

hydraulic conductivity of the grout reduces by almost one order in magnitude. 

From Figure 3.14, after 450 hour~ of testing, the hydraulic conductivity of the 

grout increases slightly, because the pressure gradient has been reduced from 52 

to 10 em/em. The hydraulic conductivity for the second test at 2 psi (14 kPa; 

10 cm/cm pressure gradient) is slightly lower than that for the first test, strongly 

suggesting that the hydraulic conductivity of the grout may be a function of the 

loading history. Figure 3.15 shows that the hydraulic conductivity decreases slightly 
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with increasing applied pressure gradient. The flow rate of water increases with 

increasing pressure gradient (Figure 3.16 ). 

BGEWT-4 

BGEWT-4 has a smooth fracture with an aperture of about 32 microns, and has 

been grouted with a 20% .pentonite suspension at an injection pressure of 0.430 

MPa (62.6 psi). After removing the grouting pressure, no channels are observed. 

Erosion and wash-out testing for BGEWT-4 is first conducted under atmospheric 

pressure with a small water head (no pressure has been applied on the injection 

water). The grout has shrunk and dried for 6 cm from the outer edge towards 

the center during 300 hours of testing with 0.05 cm/cm pressure gradient in a 

relatively dry laboratory environment. The dried and shrunken band is divided by 

interconnected cracks. 

Pressures of 1, 2, 5, 9.5 and 12 psi (7, 14, 35, 66 and 83 kPa) have been 

applied. Grout failure occurs at 12 psi ( 83 kPa) pressure (61 cm/cm pressure 

gradient) after 880 hours of testing, leading to water flow along a pressure induced 

channel. The hydraulic conductivity shows a significant decrease with test time 

and with increasing pressure gradient (Figure 3.17). \Vhen the pressure gradient 

is increased from 0.035 to 50 em/em, the hydraulic conductivity of the grout has 

been reduced by almost two orders of magnitude (Figures 3.17 and 3.18). Figure 

3.19 shows that the flow rate of water increases erratically with increasing pressure 

gradient. 
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Figure 3.14: Applied pressure gradient and hydraulic conductivity of the grouted 
fracture BGEWT-3 as a function of test. 
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BGE\VT-5 

Test BGEWT-c is conducted in the rough fracture model as used for test BGEWT-

3. The aperture of the fracture is about 75 microns. The fracture has been grouted 

by a bentonite suspension with 20% solids by \veight. The breakthrough pressure 

is 0.42 MPa (60 psi). No channeling occurs after the injection pressure is removed. 

The hydraulic conductivity of the grouted fracture is 1.2-5.9 x 10-6 cm/s. 

In test BGEWT-5, hydraulic pressures of 2, 0.06, 3, 6.5, 11, 12, 2, 5, 9.5, 

13, 3, 5 and 7 psi (14, 0.4, 21, 45, 76, 83, 14, 35, 66, 90, 21, 35 and 48 kPa) have 

been applied. Two grout failures have been observed, the first one at 13 psi (90 

kPa) or at 66 em/em pressure gradient after 1,860 hours of testing and the second 

one at 7 psi (48 kPa, 35 em/em pressure gradient) after 2,506 hours of testing. 

In the first failure, water flows out along three pressure-induced channels in the 

grout, 1200 from each other. Such failure pattern may be caused by three sets 

of grooves which compose the rough fracture surface in the bottom plate of the 

fracture model. In test BGEWT-5, the hydraulic conductivity shows a significant 

decrease with test time and with increasing pressure gradient during the first 250 

hours (Figure 3.20). For the rest of the test time, hydraulic conductivities vary 

slightly with applied hydraulic gradient. The applied pressure may not reduce 

the hydraulic conductivity of the grout unlimitedly. The hydraulic conductivity 

is almost independent of the pressure gradient, when the gradient is larger than 

10 em/em. The decreased hydraulic conductivity is not fully recovered after the 

applied pressure gradient is removed. At a pressure gradient of 0.3 em/em, after 

220 hours of the testing, the hydraulic conductivity is much higher than at higher 
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pressure gradients. Figure 3.22 shows that the flow rate of water increases with 

increasing pressure gradient for pressure gradients larger than 1 em/em. 

3.4.4 Discus=ion 

BGE\VT-1 has a higher resistance to erosion or to being washed away than 

BGE\VT-2, BGE\VT-3, BGE\VT-4 and BGE\VT-5, even though all the samples 

are grouted with suspensions with almost the same solids content. Hydrofractur

ing, channeling and shrinking may be the major contributors to the washing out 

of bentonite grout. In the channels, the grout has a low density, and therefore 

low resistance to a pressure gradient. BGEWT-2 and BGEWT-3 have an aperture 

three times larger than that of BGE\VT-1, and, after releasing the grouting pres

sure, have numerous channels that go through the models. Channels in BGEWT-1 

are sparse and not interconnected. From Figure 3.10, BGE\VT-1 has a lower flow 

rate and a lower hydraulic conductivity than the other fractures (Figures 3.8, 3.11, 

3.14,3.17 and 3.20). It likely indicates that a higher flow rate may cause washing 

out of the grout. 

From Table 3.4, the second wash out pressure is sensitive to the setting time, 

the time between the first and the second series of flow tests. In BGEWT-1, after 

the first grout is washed away, the grout has only set for one week, and the second 

wash-out pressure is 21 kPa (3 psi). But the grout does not fail under 48.3 kPa 

(i psi) hydraulic pressure when the grout has set for one month after the second 

failure. In BGEWT-5, the second wash-out pressure is 48.3 kPa (7 psi) for a grout 

that has set for 3 weeks after the first failure. Strong thixotropic properties of the 
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Figure 3.20: Applied pressure gradient and hydraulic conductivity of grouted frac
ture BGEWT-5 as a function of time. 
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bentonite suspension may contribute to the difference. The longer the grout sets, 

the larger its adhesive strength, and the larger the driving force needed to produce 

fractures and tc wash grout away. After the grout failure, the longer setting time 

allows a more complete grout particle redistribution so that new homogeneous 

conditions can be reached. 

Grout under high pressure has a low hydraulic conductivity. The hydraulic 

conductivity of the grout under a pressure gradient less than 1 cm/cm is at least 

one order of magnitude higher than that under a higher pressure gradient (Figures 

3.8, 3.11, 3.24, 3.17 and 3.20). After the injection pressure is reduced from 10 psi 

(69 kPa) to 2 psi (14 kPa), the hydraulic conductivity for each sample has obviously 

decreased (Figures 3.8, 3.11. 3.14, 3.17 and 3.20 and Tables D.1 through DA). The 

hydraulic conductivity is reduced 17% for BGEWT-1, and 34% for BGE\VT-2 and 

BGEWT-3. High injection pressure may consolidate the grout, may decrease the 

porosity and the hydraulic conductivity of the grout, and may cause grout particle 

and microstructure redistribution which favors hydraulic conductivity reduction. 

After the grout consolidation, fewer pore spaces are available for water flow, and 

the flow paths become more tortuous. 

Results from erosion and washing away tests indicate that the hydraulic 

conductivity of the grouted fractures decreases with increasing injection pressure 

gradient. A non-linear relationship, Figures 3.9, 3.12, 3.15, 3.18 and 3.21, between 

hydraulic conductivity and pressure gradient is observed, although the effects of 

test time and of loading and unloading history greatly complicate interpretation. 

Water fiow in bentonite grout does not obey fully the law of laminar fiow. In 
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most tests, hydraulic conductivity and pressure gradient are not linearly related 

(Figures 3.8, 3.11, 3.14, 3.17 and 3.20). One possible explanation is that the pore 

space or microstructure in grout changes with the pressure gradient, and hence 

the hydraulic conductivity is not a constant over the test period. Ouyang and 

Daemen (1991) have reported a non-linear relation between the hydraulic conduc

tivity and pressure gradient for bentonite borehole plugs. The microstructure of 

the bentonite suspension changes when local voids and pores are compressed. The 

reduction in hydraulic conductivity with increasing pressure gradient results from 

the compression of the grout, decreasing the pore space too. High pressure can 

cause re-orientation of particles perpendicular to the direction of fluid flow and 

can increase the tortuosity of flow paths (Quigley and Thompson, 1966; Mesri and 

Olson, 1971). 

The hydraulic conductivity of the grouted fractures does not increase with 

time over 800 to 4,700 hours (33 to 195 days) of flow testing. Bentonite grout has 

resisted obvious major erosion, especially, when the grout has set, been compressed 

and consolidated for those periods. When the applied pressure gradient is larger 

than 60 cm/cm, the grout has a higher possibility of being washed out along pre

existing fractures, cracks and channels. High hydraulic pressure applied to the 

grout can produce hydraulic fractures that can lead to grout particles being washed 

away. The wash-out pressure may be related to the strength of the grout and the 

swelling pressure of the grout, the grout setting time, the roughness of the fracture 

walls, and the discontinuity of the grout in the fracture. 
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3.5 Flow of Water in Shrunken and Dried Grout in Fractures 

3.5.1 Introduction 

Bentonite grout shrinks when the grout loses its moisture content. If grout is 

emplaced in an unsaturated environment, the host rock mass may withdraw water 

from the bentonite grout. Grout emplaced around a nuclear waste repository may 

lose its moisture if it is taken up by the unsaturated rock mass, and evaporates, in a 

heated environment. Shrinking of the grout forms interconnected cracks. Channels 

and shrinkage cracks in grout are preferential pathways for fluid flow. When the 

grouted fracture saturates again, if the swelling velocity of the shnmken bentonite 

grout is slower than the velocity of the water flow, water can eventually flow through 

bentonite sealing barriers (Ran and Daemen, 1991). 

The objective of studying water flow through shrunken grout is to evaluate 

the sealing performance of bentonite grout, when the grout is dried. The work in

cludes estimating the water infiltration distance under pressure loading, identifying 

the infiltration process, studying the influence of bentonite swelling on the water 

infiltration, and studying the effect of channeling and shrinkage on the hydraulic 

conductivity of the resaturated gront. 

3.5.2 Water Flow in Shrunken and Dried Grout Testing 

Procedures for testing water flow in shrunken and dried grout testing are as follows: 

(1) grout single fracture in fracture model with bentonite suspension; (2) flow 
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test to determine the hydraulic conductivity of the grouted fracture; (3) dry the 

emplaced grout in the fractUre by exposing the fracture model to a laboratory room 

environment; (4) resaturate the dried and shrunken grout by water injection with 

pressurized falling head method, establishing the wetting distance as a function of 

testing time and injection pressure, and observing the influence of the channeling 

and the shrinkage cracking on water conductivity during the resaturation process, 

especially studying the possibility of \'tater flowing through the grout along channels 

and shrinkage cracks; (5) determine the hydraulic conductivity of the resaturated 

grout, and test the sealing performance of bentonite grout after resaturation. 

The procedures for grouting a single fracture in a fracture model and for 

flow testing are the same as those used in erosion and wash-out testing described 

in previous sections, and documented in detail by Ran and Daemen (1991). The 

drying of the grouted fracture takes about three months in a laboratory room 

environment. 

The laboratory testing setup for grout resaturation in shrunken and dried 

bentonite grout is similar to that of flow testing in the erosion and wash-out test. 

To saturate the first 3 to 4 cm, a hydraulic pressure head of 50 cm (4.9 kPa) is 

used. Then, the injection pressure is increased with an increment of 13 kPa (2 psi) 

until the grouted fracture is fully wetted. The test is terminated for each pressure 

when the inflow is zero or constant. The inflow at low injection pressures becomes 

zero after a certain time of testing, and remains constant for high pressures. Test 

results are tabulated in Appendix E. 
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3.5.3 Test Results and Analyses 

Test WFSG-l 

Model WFSG-1, grouted with a 23% bentonite suspension, has a smooth single 

fracture with a 39 micron aperture. No channeling develops after the grouting 

pressure is released. Shrinkage cracks do not appear within 7.5 cm around the 

injection hole after the grout in the fracture is dried in a laboratory room environ

ment for three months. A shrunken band forms around the outer edge of the model 

during flow testing after grouting. The shrinkage band extends for 5 cm from the 

outer edge towards the center of the fracture model (Figure 3.23). A channeling 

crack pattern appears in the shrunken band. The hydraulic conductivity of the 

fracture is 0.07-0.13 cm/s before grouting. After grouting, the hydraulic conduc

tivity is reduced to 1.2-5.8 x 10-5 cm/s. Test sequence and detailed results are 

given in Table E.!. 

Figure 3.24 gives the water flow rate into shrunken and dried grout in test 

\VFSG-!. The flow rate at the beginning is very high. \Vater flow decreases with 

time during the the first 20 hours of saturation, and decreases slightly thereafter. 

The wetting finally stops for each pressure loading after the first 1000 hours test, 

as shown in Table E.1. The wet zone extends 3 cm from the injection hole for an 

applied pressure of 7 kPa in 20 minutes. The wet zone reaches the outer edge of the 

fracture after 3,687 hours (154 days) of testing, when the pressure has reached 138 

kPa (20 psi). After the resaturation, grout appears to be uniformly redistributed 

in the fracture. Shrinkage cracks have vanished. The hydraulic conductivity of the 
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resaturated grout is 2.0 x 10-5
, almost the same as that immediately after grouting. 

In the wet zone a distinct transmission zone (partially saturated zone) is observed. 

The width of the transmission zone is about 1.5 em, half the distance from the 

injection hole to the wetting front, after having been pressurized at 7 kPa for 19 

hours. 

Test WFSG-2 

\VFSG-2 has a smooth fracture with an aperture of 25 microns. The fracture is 

grouted with a suspension of 23% bentonite content. No channeling develops in the 

grout after the injection pressure is released. The dried band, formed during flow 

testing, extends 3-5 em in 7 hours from the outer edge towards the center. A dried 

crack pattern appears in the dried band. Before desaturation of the grout, during 

more than 3,000 hours of flow testing, flowing water carries some grout particles 

towards the outer edge of the model, and causes grout redistribution (Figure 3.25). 

Flowing water reduces the density of grout along the flow path. No additional 

drying cracks develops during the grout desaturation. The hydraulic conductivity 

prior to grouting is 3.5-4.5 x 10-2 cm/s. After grouting the hydraulic conductivity 

is reduced to 0.5-3.B x 10-5 cm/s. Complete test history and detailed results are 

given in Table E.2. 

Figure 3.26 and Table E.2 give the results of grout rewetting. The rate of 

water infiltration decreases significantly with time during the first 50 minutes of the 

test under 7 kPa pressure. After that, the infiltration rate decreases slightly with 

time. The wet zone reaches the outer edge of the fracture after 1,547 hours tulder 
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Table 3.5: Grout resaturation distance as a function of time and applied pressure. 

Saturation Saturation Saturation distance 
time pressure \VFSG-1 VvFSG-2 
(h) (kPa) (em) (em) 
91 7.0 3.0 4.0 

183 20.7 3.5 5.0 
542 34.5 3.5 5.5 
906 51.8 4.0 6.5 
1188 70.4 4.5 6.8 
1547 103.5 5.2 7.5 
3228 124.2 5.5 10.0 
3670 138.0 7.0 -

124 kPa (18 psi) pressure. The hydraulic conductivity of the resaturated grout is 

about 3.0 x 10-6 cm/s, much lower than that before the grout is desaturated. After 

resaturation the grout is uniformly redistributed. No distinct transmission zone is 

observed. 

3.5.4 Discussion 

Figure 3.27 and Table 3.5 give the wetting distance as a function of hydraulic 

pressure. Table 3.5 also gives the infiltration distance as a function of saturation 

time. To saturate the first 3 to 4 cm, the pressure required is very low. After that 

the saturation distance is proportional to the hydraulic pressure. Before saturation, 

no swelling pressure in the grout resists water flow into the grout. Hence, for 

saturating the first 3 - 4 em, a very low pressure is sufficient. Swelling pressure 

builds up with increasing saturation. If the saturation pressure is larger than the 

ma.ximum swelling pressure, the saturation distance can advance with time without 
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Figure 3.23: Crack pattern, after bentonite has shrunken and dried (WFSG-1), 
and water infiltrates in the grout from the center hole. 
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Figure 3.24: Water infiltration as a function of time and of the applied pressure 
for WFSG-l. 
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Figure 3.25: Grout particles are removed by flowing water in WFSG-2 after flow 
test and before saturation test. 
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for WFSG-2. 
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increase of the saturation pressure. 

For each pressure interval, the infiltration can stop if the applied pressure is 

less than 75 kP.:., as shown in Tables E.1 and E.2. A possible explanation is that 

when the applied pressure is less than the swelling pressure, the injection pressure 

can not produce the necessary pressUre gradient, so that no water can flow into the 

grout. 

The saturation is influenced by the swelling of the bentonite. It stops at a 

small distance if no further increase of saturation pressure is applied. The satu

ration process may obey the infiltration theory. According to infiltration theory, 

the infiltration rate should be very high in the early stage of infiltration (Philip, 

1957, Hillel, 1982, Ch. 12, pp. 211-231). From the test results, the infiltration 

rate at the early stage is extremely high, and then decreases slightly. Infiltration 

stops when the applied pressure is not high enough. From these two tests, the 

rcsaturated grout shows no increase of the hydraulic conductivity of the grout, but 

a great reduction. 
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CHAPTER 4 

ROCK FRACTURE GROUTING EXPERIMENTS 

4.1 Introduction 

The design of the bentonite fracture grouting system for laboratory testing is based 

upon the nature of fracture sealing for nuclear waste isolation and environmental 

protection. Grouting for nuclear waste isolation and environmental restoration dif

fers from conventional applications. Fracture sealing for nuclear waste isolation 

may require that the grout be more capable to penetrate fractures with fine aper

ture, that the grout have very low hydraulic conductivity, and provide long-term 

performance. Chemical properties of the grout appear to be at least as important, 

perhaps more so, than its physical properties. 

The purpose of this investigation is to evaluate bentonite grout sealing per

formance. This investigation requires that the grouting system 1) can meet the 

requirements of grouting for waste disposal and environmental restoration; 2) can 

simulate the field condition as close as pos&ible; 3) can provide and maintain a 

constant axial load on the sample to guarantee a constant initial fracture aperture 

during flow testing and grouting to make sure that all results are comparable with 

other tests; 4) is accessible for flow testing prior to and after grouting; 5) can pro-
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vide conditions to clear out grout left in the injection hole for flow testing after 

the fracture has been grouted, without interfering with the applied normal stress 

on the rock fracture, so that a constant initial fracture aperture can be maintained 

throughout the whole test; and 6) can measure the fracture opening displacement 

or deformation as the grout penetrates, to allow estimating the grout ability of the 

rock fracture, especially for minute fractures. 

This chapter describes the rock fracture grouting system, apparatus and 

procedures. Extensive discussions of grouting procedures, concerns and special 

cares are given. Testing system and procedures for grouting artificial fractures in 

models are given by Ran and Daemen (1991, Ch. 5, pp. 39-41). 

4.2 The Nature of Fractures that Need to be Sealed 

Two kinds of fractures, natural and artificial fractures, may have to be sealed. 

Natural fractures in rock masses intersect boreholes, shafts, ramps, tunnels and 

emplacement chambers. Natural fractures may conduct surface water or rainfall to 

the waste emplacement area, or drain it away from the waste emplacement area, 

especially in an unsaturated medium. Natural fractures also are pathways for 

ground water from aquifers. Some natural fractures may extend over large areas, 

and do not necessary have \vell matched walls. Some natural fractures are coated or 

filled by earth materials. Apertures in natural fractures are more localized, leading 

to large flow channels. 

The other fractures that may have to be sealed are artificial fractures in-
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duced by drilling, exca'\lation and engineering developments. Artificial fractures 

exist in so called damage zones. Fractures in damaged zones may conduct water 

around sealing ~arriers. The damaged zone may occur around any rock penetra

tion resulting from disturbance of the rock mass by the excavation process, stress 

redistribution, weathering and interaction between rock and groundwater. Dam

aged zones may appear around boreholes, shafts, tunnels and emplacement rooms. 

Fractures in damaged zones may have a fine aperture. The length of the fractures 

is on the scale of the damaged zone. The length of the fractured damaged zone 

caused by drilling boreholes is on the order of a few millimeters (Lingle et al., 1982; 

Kelsall et al., 1982; Mathis and Daemen, 1982; Fuenkajom and Daemen, 1986). 

Fractured damaged zones around tunnels or shafts may be one meter deep into 

the rock mass if caused by blasting and 5 meters if caused by the stress release 

(Borgesson and Pusch, 1989). If fractures in the damaged zone are small and have 

well matched walls, that may increase the difficulty for fracture grouting. 

4.3 Fracture Grouting System and Procedures 

The bentonite rock fracture grouting system for laboratory testing consists of an 

injection pwnp with grout delivery pipe lines, a grout frame with a dial gauge and 

a driving fluid supplier. Figure 4.1 gives the laboratory arrangement. The grouting 

setup maintains a normal stress across the fracture while measuring fracture hy

draulic conductivity, while grouting, and while removing grout from the injection 

hole after grouting is completed. The applied initial normal stress controls the 

initial fracture aperture. A dial gauge monitors the fracture opening displacement 
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induced by bentonite movement in the fracture during grouting. 

Procedures for the bentonite rock fracture grouting tests (BRFGT) are as 

follows: 1) calibrate instrumentation, such as pressure gauges, transducers, perme

ameters, LVDTs etc., 2) place the rock sample in the grouting frame, 3) apply an 

axial stress on the sample to control the initial fracture aperture, 4) flow test with 

applied axial normal stress for the ungrouted fracture to determine its hydraulic 

conductivity, 5) mix grout with counter rotation mixer, 6) inject grout, while the 

sample is confined in the grouting frame, which limits the fracture movement, and 

i) flow test the grouted fracture. During the whole process, the dial gauge rearling 

monitors and indicates the applied normal stress, based on assuming a linear rela

tionship between normal stress, grout pressure in the fracture and the displacement 

of the rock sample. 

4.4 Apparatus 

The axial load is applied with a load frame and a hydraulic jacking system. The 

hydraulic jacking system includes an Enerpac EH-80 hand pump, a shut-off valve, 

a pressure gauge, and an Enerpac JSL-1002 lifting cylinder. The load frame has 

90.7 metric ton (100 ton) capacity. The lifting cylinder has a capacity of 100 ton 

(90.7 metric ton). The load frame was designed by Cobb and Daemen (1982). 

The grout pump is a positive displacement piston pump, the same one used 

by Schaffer and Daemen (1987) and Sharpe and Daemen (19!H). The capacity of 

the injection pump is 200 cm3 (12.2 cu in). It can deliver grout pressure up to 2000 
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Figure 4.1: Laboratory set-up for rock fracture grouting, including flow testing. 



203 

. psi (13.8 MPa). 

The ends of the grout frame (Figure 4.2) consist of two circular aluminum 

plates with 20 em diameter and 1.27 em thickness. A center hole in the plates 

with two inch (3 em) diameter allows for connecting the grout pump to the rock 

sample. Six steel bolts maintain the applied axial stress during flow testing and 

fracture grouting. A dial gauge installed parallel to the loading direction measures 

the axial deformation of the rock sample, and monitors the fracture closure or 

opening. The dial gauge reading remains constant after the rock sample is clamped 

by the grouting frame and after unloading. Even though the fracture closure or 

deformation is not necessarily linearly related with the normal stress and grouting 

pressure applied on the fracture, the displacement of the rock sample can monitor 

the aperture change during loading, unloading, flow testing and grouting. 

4.5 Rock Sample Preparation and Description 

Sharpe and Daemen (1991) and Schaffer and Daemen (1987) give detailed proce

dures to prepare rock samples and a fracture. Fuenkajom and Daemen (1991) give 

mechanical properties of the rock. The rock samples are from the densely welded 

brown unit of the Apache Leap tuff in mid-eastern Arizona. 

Three samples, AP30-1-6, AP36-1-6 and AP56a-1-6, are used in this inves

tigation. Each sample is a 15 cm (6 in) diameter cylinder 20 cm long. The rock 

samples are reused after each grouting test. Samples AP30-1-6 and AP36-1-6 have 

artificial tension-induced single fractures. The diametrical fractures are created by 
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Figure 4.2: Grouting frame with dial gauge for monitoring the fracture displace
ment. 
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point loading (e.g. Hoek and Brown, 1980, pp. 52; Scha.4fer and Daemen, 1987, pp. 

61-63; and Sharpe and Daemen, 1991). The samples first are cut to a length to 

diameter ratio of 1.5. Then the sample is loaded to failure at mid-height across its 

diameter between two steel points. The sample halves are cut to about 10 em (4 in) 

in height. The length of sample AP30-1-6 is 19.6 em (7.7 in), that of AP36-1-6 is 

20.2 em (7.95 in). Fracture walls are in close contact for tension-induced fractures. 

Sample AP56a-1-6, with a height of 18.6 cm (7.3 in), has a natural single 

fracture, inclined 25 degrees to the horizontal. Some large channels in the sample 

have a low resistance to water flow and to bentonite grout penetration. 

A 2.5 em (1 in) diameter injection hole is drilled through the top half of 

each sample. The injection hole goes 7.5 cm (3 in) deep into the lower half of the 

sample, and is drilled using the upper half as a template. The injection hole in the 

lower half is provided for cleaning out the grout. A PVC connector is glued into 

the top of the injection hole to connect the grout tube to the injection hole. 

4.6 Bentonite Grout and Grout Preparation 

Vol clay bentonite powder and water are used to compose the grout suspension. 

The chemical composition of bentonite powder is given by Ran and Daemen (1991, 

Ch.2, pp. 11-20). Flow properties of the bentonite suspension arc discussed in 

Section 3.3 and by Ran and Daemen (1091, pp. 11-20). 
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4.6.1 Bentonite Grout Suspension 

Volclay bentonite grout, a product of American Colloid Company, is a high mont

morillonite content, Na based bentonite powder. The bentonite has very small 

grain size and good size distribution. 60 to 65% of the dispersed Volclay bentonite 

particles are finer than 0.1 microns, 93 to 94% are finer than 5 microns and 96 

to 97% finer than 44 microns (American Colloid Company, undated). Fracture 

sealing requires a grout suspension that can penetrate minute apertures. Volclay 

can penetrate fractures in plastic models with aperture down to about 10 microns 

(Ran and Daemen, 1991). 

Volclay bentonite grout is not the sole bentonite grout available for fracture 

sealing. Other grouts such as Benseal-Bentonite Slurry Grout (Edi! et al., 1992) 

may also be useful for fracture sealing. A recent investigation for well seals has 

discovered that Volclay bentonite has poor bond strength (Edil et al., 1992). Poor 

bond strength of a grout may lead to poor performance, because a grout with low 

bond strength has low resistance against washing away and against channeling or 

erosIon. 

Water used for mixing with bentonite grout has been deaired. Boiling re

moves the air dissolved in distilled water (Lambe, 1957). The deaired water used 

in this research has been boiled in a stainless steel vessel for at least 30 minutes. 

After boiling the deaired water is allowed to cool to room temperature. The cooled 

water then is stored in an air-tight container. Test procedure prohibits the use of 

the deaired water if the storage time is over 72 hours. 
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Deaired water acts as a component of grout that may be of marginal benefit. 

A major reason for de-airing is to assure that the materials are the same in all tests. 

If tap water is used, a significant amount of air may be trapped in the bentonite 

grout. Model test results show that the movement of the trapped air may cause 

channeling or grout discontinuity in the fracture. Large channels or spaces in the 

grout can weaken its sealing performance. The de-airing, as performed, does not 

require a major effort. It is implemented in part to minimize air release from the 

emplaced grout, after the injection pressure is released. Otherwise, de-airing could 

be considered an artificial approach, possibly misleading in terms of simulating 

field grouting practice. 

De-airing o(grout may be another way to minimize air release from the 

emplaced grout. The de-airing of grout in practice is difficult, primarily because 

of the associated problems of trying to maintain a constant (and uniform) water 

content. It is difficult to remove all air from distilled water and from the grout in 

practice, even in laboratory conditions. Water always takes in or releases air when 

pressure changes (Ran and Daemen, I992c). 

4.6.2 Grout Mixing 

Bentonite grout is made up from bentonite added to water while mixing at 12,000 

rpm, to form a dispersed colloidal suspension. Bentonite suspension is mixed with 

a counter-rotating mixer. The mix procedures are given by Ran and Daemen (I9!)}, 

Appendix A, pp.103-I05), and revised in Appendix A. The counter-rotating mixer 

(with 20,000 rpm capacity) can mix grout at high velocity. To prepare b:::!'ltonite 
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grout, a high speed mixer can give a high shearing action to make bentonite parti~ 

cles well dispersed in water (Consulting Engineer, 1969). High agitation speed can 

reduce the viscosity and yield stress of the grout so that a low injection pressure 

may be sufficient to penetrate rock fractures. 

Different bentonite grouts have very different rheological properties. A dif~ 

ferent mixing procedure should be used for different bentonites. Extreme care 

should be exercised in extrapolating any of these procedures to different conditions; 

obvious factors of concern include the effect of different mixers (energy, speed), 

mixing procedures, duration, pumping, distance pumped, piping geometries, etc .. 

Many precautions have been taken to try to assure consistent conditions 

for the tests, but there continue to be serious concerns as to how well consistency 

was really satisfied. Among the precautions taken: use bentonite from the same 

batch, use the same Water for grout preparation, use the same mixer, mixer blades, 

etc., use carefully measured constant mixing and hydration times, transfer grout 

from mixer to viscometer in the same way, start viscosity measurements at the same 

delay after mixing, try to keep room temperature constant or at least monitor room 

temperature - in general specify the entire test procedure as closely as possible, and 

follow it stringently for all tests. Among the concerns that remains are chemical 

components of each batch, gelation of a grout after it is mixed, pH values of grout 

and grout microstructures. 
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4.6.3 Bentonite Concentration in Grout 

The solids contents of bentonite in the grouts tested are 18, 20 and 22% by weight. 

The sealing performance of bentonite grout is directly affected by the bentonite 

concentration. The selection of solids content is based on a model study (Ran and 

Daemen, 1991), the stability of bentonite suspension, and the hydraulic conductiv

ity of the grout. 

The model study indicates that when a suspension has a bentonite content 

of less than 20%, channeling can develop in a grouted fracture. However, solids 

content in the suspension may be not the only factor that infiuences the formation 

of channeling. Variables such as roughness of the fracture and fracture aperture 

obviously effect channeling. Hence, the bentonite content at which channels develop 

may vary with the fracture conditions. If channels appear in the grout, its sealing 

ability can be degraded. Channels may facilitate washing away of the grout when 

the applied pressure gradient is high enough. Water can penetrate channels through 

scaling barriers if the swelling velocity of the bentonite is slower than the speed of 

water flow. 

Another reason to select grout suspensions with about 20% solids are the re

sults of bleeding tests (Ran and Daemen, 1991). If a bentonite suspension contains 

more than 15% solids, no bleed water appears on the surface of the suspension. 

Bleeding is the primary cause of channeling in cement grout. The bleeding wa

ter flows out through the grout and leaves flow paths. The interface between the 

grout and the upper face of the fracture has a high hydraulic conductivity, and is 
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a potential path for water flow (Pusch, et al., 1988). A large volume of unfilled 

space can form::1 grout after grout particles settle or after excess water bleeds out. 

According to Houlsby (1990, pp. 84-85), cement grout with a water cement ratio 

of 2:1 can lose 35% of its initial volume in bleeding after about 1.5 hours; for thin 

grout with a w:c ratio of 5:1, bleeding water can be 70% of the initial volume, and 

for a 12:1 w:c ratio it can be 85% ofthe initial grout volume. Hence, unstable grout 

can have a significantly reduced sealing ability, and must be avoided in practice. 

The hydraulic conductivity of a bentonite suspension is related to its solids 

content. Low (1976) proposed a relation to describe hydraulic conductivity of Na 

based bentonite suspensions in terms of solids content in the slUITY: 

(4.1) 

where K is the hydraulic conductivity of the bentonite suspension (cm/s), mw 

is the water weight in the suspension (g), and mIl is the bentonitp. weight in the 

suspension (g). 

According to cq.( 4.1), the hydraulic conductivities of the grout with 18, 

20 and 22% bentonite content are 6.41 x 10-8 ,3.64 X 10-8 , and 2.30 x 10-9 cm/s 

respectively. Figure 4.3 gives the hydraulic conductivity of the bentonite suspension 

as a function of bentonite solids content. The test results of the grouted rock sample 

arc in the order of magnitude range of those calculated with eq. (4.1), but with 

considerable variation. In model tests (Ran and Daemen, 1991), the measured 
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hydraulic conductivities of the grouted fracture are overestimated, because the 

hydraulic pressure loss at the inner edge of the fracture, the evaporation of the 

inflow water and the error of reading inflow are difficult to calculate and to be 

corrected. 

Borgesson and Pusch (1989) investigate the use of quartz filler to increase 

the solids content of the grout. They use 50% Tixoton Na bentonite, 50% quartz, 

290% water and 2.9% NaCI as a grout mix. Due to the significant increase of 

the solids content in this grout, regular static pressure grouting can not inject it 

into fractures, because the suspension has too high a viscosity and yield stress. 

A "dynamic injection" technology or dynamic oscillating pressure grouting has to 

be adopted to inject such a dense grout into fractures. The oscillating pressure 

reduces the viscosity of the grout by dynamic vibration. Vibrations with shear 

strain amplitude larger than 0.1 can decrease the viscosity of the grout 10 to 100 
.. : . 

times (Borgesson and Pusch, 1989a, 1989b). Dynamic injection applies a constant 

injection pressure on the grout and superimposes a dynamic oscillation pressure. 

The quartz filler added to the bentonite grout may be expected to improve 

the mechanical strength and the resistance to erosion of the grout. The filler also 

may increase the friction between the grout and the fracture walls, and may limit 

the grout delivery distance. Hence dynamic injection is required. If the quartz 

particles are heavier than the bentonite suspension, quartz particles will settle on 

the fracture floor and leave thin grout, even clear water, in the interface of the 

grout and the upper fracture wall. 'When the quartz particles are not fine enough, 

a coarse particle can block grout penetration, especially when the aperture of the 
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Figure 4.3: Hydraulic conductivity of bentonite suspension as a function of ben
tonite solids content. The solid line is calculated based on Eq. (4.1), and the 
squares are the test results for rock fracture grouting tests in Chapter 5. 
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fracture to be injected is very small. 

Edil et al. (1992) studied the settlement of sands in bentonite suspensions 

to estimate the volwne of sand that can be carried in bentonite slurries. Up to 

50% by weight of sand was mixed with Quik-Gel bentonite slurries of 50, 70 and 

90 sec/qt initial Marsh funnel viscosities and allowed to settle for six days. Only 

47 to 69% of the initial sand stays in the grout. The amount of sand entrained in 

the Quik-Gel suspension increases with increasing initial viscosity of the slurry and 

with the initial sand content. If 31 to 53% of the sand settles out from a grout mix, 

the settled sand can block grout injection. As shown by Edil et al. (1992), the sand 

mixed with bentonite slurry settles, resulting in increasing sand content with depth 

of the slurry. According to the results from Edil et al., if some quartz-like filler is 

added to a bentonite grout, the quartz-like material is not uniformly distributed in 

the grout. 

It is very useful to use salt as an additive in bentonite suspensions to reduce 

the viscosity and yield stress of the grout (Borgesson and Pusch, 1989; Pusch, 

1978a; Stichman, 1990). The swelling pressure decreases with increasing NaCI 

concentration (Warkentin and Schofield, 1962). Such a decrease may decrease the 

self sealing ability and may reduce the resistance to erosion. If the grout is emplaced 

in saturated environment, the excess salt may disperse into the rock mass (Pusch et 

aI., 1988). When grouted rock masses are unsaturated, salt may not be allowed to 

be added into bentonite grout, because no information is available that the excess 

salt can be dispersed into the host rock. 
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4.7 Flow Test Method and Flow Testing 

The falling head method is used to determine the hydraulic conductivity of the 

fracture prior to and after grouting. Deaired distilled water is used for flow testing 

to minimize the influence of air flowing in the fracture, and to use a consistent 

permeant. 

4.7.1 Flow Testing 

The radial flow test is a technically common, simple and rapid method to determine 

the hydraulic conductivity of single fractures in rock cylinders. Standard field test

ing of grouting, pump and packer tests are considered as radial flow, and analyzed 

based on radial flow concepts. Sharpe and Daemen (1991) use falling head radial 

flow tests to evaluate the grout ability of ordinary Portland cement (OPC) and mi

crofine cement (MC-500) grouts on rock fractures with aperture of less than 80 

microns. Schaffer and Daemen (1987) use the same flow testing method to assess 

the sealing effectives of rock fracture grouting with cement and cement/bentonite 

grouts. Ran and Daemen (1991) use radial flow tests to estimate the grout ability 

of model fractures with bentonite grouts. 

Radial fracture flow is more complicated than flow in straight paths, because 

the pressure head and flow velocity vary in the radial direction. Even if the flow 

velocity is low at a far distance, the velocity close to an injection hole may be 

high. The flow may be turbulent up to some radius (Baker, 1955; Bawden and 

Roegiers, 1979). Rissler (1978) found for radial flow that laminar flow occurs up to 
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joint widths of approximately 0.13 - 0.4 mm, based on hydraulic calculations. Even 

though no evidence of this conclusion appears to have been developed in practice, 

Rissler's calculation has been proved by some model tests (Kutzner, 1985). A 

fracture aperture of more than 4 rom leads to turbulent flow. for the intermediate 

range of apertures, about 0.13 to 0.4 mm, flow is laminar at low pressure and 

turbulent at high pressure (Kutzner 1985, 1991). 

Pyrak-Nolte et al. (1987) argue that it is misleading to measure fracture 

hydraulic conductivity using radial flow tests in cylindrical samples. They point out 

that the radial flow method can incorrectly measure the hydraulic conductivity of 

a fracture, because of the dominant loss of energy adjacent to the borehole. Pyrak

Nolte et al. (1987) propose a so called linear flow technology, quadrant flow method, 

to measure fracture hydraulic conductivity. In this method, the intersection of the 

fracture plane with the circumference of the samples is sealed everywhere except 

along two diametrically opposed quadrants. A manifold placed on the sample 

permits fluid to flow through the fracture from one unsealed quadrant to the other. 

This technology needs good sealing of the non-flow sides, and may not allow reusing 

the samples. In fracture grouting test, the fracture first has to be tested for the 

hydraulic conductivity, and then be grouted, followed by re-testing for assessing the 

scaling effectiveness. It may be inconvenient to use the linear flow test methods to 

determine the hydraulic conductivities of the fracture prior to and after grouting, 

because the fracture can not be allowed to be glued to form no-flow sides during 

grouting. 

Radial flow testing has two major disadvantages in determining the hy-
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draulic conductivity of a single fracture in a rock cylinder. One is uncertain flow 

regimes. The other is the huge energy loss around the injection hole. These two 

disadvantages lead to overestimating the hydraulic conductivity. That is the ma

jor reason why, even when most of the grout is dried, one still can get a hydraulic 

conductivity of the grouted fracture of the 10-5 cm/s level in model tests (Ran 

and Daemen, 1991). For evaluating the sealing effectiveness of bentonite grouting, 

the radial flow test is applicable, because flow tests before and after grouting have 

similar conditions and may be comparable. However, the value of the hydraulic 

conductivity for the grouted fracture may not be true. Some more accurate mea

surement technologies should be employed to determine the hydraulic conductivity 

of grouted fractures. 

4.7.2 Determination of the Fracture Hydraulic Conductivity 

Theories of water flow through natural and artificial fracture are well docwnented. 

Flow laws were comprehensively studied first by Lomize (1951) and later indepen

dently by Louis (1968) using simulated fractures. Mathematical analyses of radial 

flow in fractures are contributed by Baker (1955), Maini (1971), Iwai (1976) and 

Rissler (1978). Recent researches focus on more realistic study of flow through 

fractures locally in contact, particularly when the contact changes as a result of 

rock deformation (Tsang and \Vitherspoon, 1981, 1983, 1985; Tsang, 1984), and 

when the fracture surfaces are not parallel (Abelin et al., 1983, 1985; Neretnieks, 

1985). 

In this investigation, the fracture has a fine aperture, which causes difficulty 
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to detennine the real hydraulic conductivity of the fracture. Air accumulation 

on fracture surfaces (Ran and Daemen, 1991) and the solid-like fluid piled up in 

layers parallel to the walls of a fracture (Wentworth, 1944; Schoen et al., 1987, 

1988; Rhykerd et al., 1987; Gee et al., 1990; and Cusrunan, 1990) cause hydraulic 

conductivity of the fracture to decrease as a function of flow test time. The growth 

of the adsorbed solid-like molecular films and the adsorbed air bubbles from the 

injection fluid decrease the cross-section available for fluid flow. 

Hydraulic conductivity tests for grouted and ungrouted fractures establish 

a comparable basis to evaluate the effectiveness of fracture sealing with bentonite 

suspension. \Vater flows in grouted and ungrouted fractures are assumed to be 

laminar. The fracture is considered as stiff, so that no defonnation takes place 

when fluid pressure is applied. A parallel plate fracture is assumed. The first 

assumption may be true when the applied pressure is very low, and when the 

fracture aperture is large. 

The calculations of fracture hydraulic conductivity and of fracture aperture 

are based on the so called "cubic law" (Lomize, 1951; Louis, 1968): 

(2b)3 dp 
q=----

121' ds 
(4.2) 

where q is the flow rate per unit width of the fracture normal to the flow direction, 

(2b) is the aperture separating the plate surfaces, I' is the absolute fluid viscosity, 

and dp/ ds is the pressure gradient. 
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The cubic law is widely used to determine the hydraulic conducth·;ty of 

fractures (Snow, 1965; Romm, 1966; \Vitherspoon et al., 1980). Romm (1966) 

found that laminar flow in a fracture obeys the cubic law at least down to apertures 

of 0.2 pm. Results of laboratory investigation on tension fractures show that the 

cubic law for fluid flow in a fracture is valid (Witherspoon et al., 1980). 

Many arguments have been raised against the use of the cubic law to deter

mine the hydraulic conductivity of natural and artificial fractures. The cubic law 

ignores the roughness of the fracture surface, ignores the tortuosity of the fracture 

surfaces, and ignores the existence of surface contact between the fracture sur

faces (Schrauf and Evans, 1986). Some investigators (Gale, 1982; Raven and Gale, 

1985) found significant deviations from the cubic law on both artificially induced 

and natural fractures. Conversely, experiments on natural (Sharp, 1970) and ten

sion induced fractures (Iwai, 1976) indicate that changes in flow rate with fracture 

aperture are well described by the cubic law. 

Any possible misleading determination of the fracture conductivity of the 

grouted and ungrouted fracture by using the cubic law seems to have no signifi

cant influence on the evaluation of the sealing effectiveness of bentonite grouting. 

The main intention is not to determine the fracture conductivity accurately. The 

primary purpose of the flow tests is to compare the difference in hydraulic con

ductivity before and after grouting. The simplification that fluid flow in the rock 

fracture obeys the cubic law serves this purpose. 

\Vater pressure head is applied in the center injection hole, and allows radial 

water flow along the fracture. The pressure head applied is as low as possible to 
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avoid turbulent flow for ungrouted fractures and washing out of grout particles 

for grouted fractures. The pressure head used in flow testing for grouted fractures 

is nearly the same as that used for ungrouted fractures. The flow testing has a 

pressure head of 80 cm for ungrouted fractures, and from 80 to 60 cm for grouted 

fractures. 

The unloaded and ungrouted fracture is initially saturated by water injec

tion. The sample is then assembled in the grout frame and in the load frame. The 

hydraulic jacking system applies an axial normal load to the sample. The sample 

is fixed in the grout frame after the fracture is loaded to the desired axial stress 

(0.15 to 1.5 MPa). The dial gauge readings at the desired normal stress remain 

constant throughout the grout testing. 

The flow test for the grouted fracture is conducted immediately after com

pletion of the grouting, except for tests BRFGT-l and BRFGT-2. The grouts in 

tests BRFGT-l and BRFGT-2 have been cured for 24 hours before the flow test is 

conducted. As a result of being cured for 24 hours, the grout is dried and shrunken, 

which leads grout particles to wash away duriug flow testing (BRFGT-2). 

The hydraulic conductivity (k J) of the fracture is calculated by: 

(4.3) 

where QJ is the flow rate (cm3 Is) for water through the fracture, flh is the head 

difference (em), I' is the dynamic viscosity (Pa.s), p is the fluid density (kg/cm3
), 
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9 is the gravitational field strength (N/kg), and ri and ro are the radii (cm) of the 

inner and the outer fracture boundaries. 

The flow rate for water through a rock fracture can be calculated by: 

(4.4) 

where Q is the total flow rate (cm3/s), and Qm is the flow rate (cm3/s) for water 

through the rock itself. According to Bear (1979, pp. 305-306) and Sharpe and 

Daemen (1991), Qm is given by: 

Q _ k 2-:r(L - 2b)Ah 
m - m In(ro/ri) 

(4.5) 

where km is the hydraulic conductivity of the rock matrix (cm/s), and L is the 

length of the injection hole in cm. 

4.8 Fracture Grouting 

After completion of the hydraulic conductivity test, the fracture is grouted. First, 

the injection hole is filled with bentonite grout, then grout tube and injection pwnp 

are filled. It is important to completely fill the injection hole, grout tubes and grout 

pump to reduce channeling. Any air in the grout system possibly can cause non

uniform distribution of the grout, because movement of air in the grout can form 
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channeling. Channeling has a significant influence on the reduction in fracture 

hydraulic conductivity and on the sealing performance. Otherwise, when some air 

mixes in the grout, the breakthrough pressure can be reduced. Second, the injection 

pressure is slowly increased until the grout breakthrough. If the injection pressure 

increases to more than 500 psi (3.45 MPa) and there is no outflow of grout around 

the fracture, the injection is stopped, because an injection pressure beyond 500 

psi (3.45 MPa) may destroy the grout tube and its connection to the rock sample. 

The injection pressure is usually maintained for five to ten minutes after the grout 

breakthrough. \Vhen the grouting is completed, the grout tube is removed and the 

grout in the injection hole is cleaned out. The hydraulic conductivity test for the 

grouted fracture is initiated after the injection hole is cleaned. 



CHAPTER 5 

FRACTURE GROUTING EXPERIMENTAL RESULTS AND 

ANALYSIS 

5.1 Introduction 
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Bentonite rock fracture grouting tests have been conducted on both natural and 

artificial single fractures in welded Apache Leap tuff. Rock samples are cylinders 

with 15.24 em (6 in) diameter and 19.05 em (7.5 in) length with a center injection 

hole. The injection hole is 2.54 em (one inch) in diameter. Bentonite suspensions 

with 18, 20 and 22% solids content have been injected into the fractures in three 

rock samples, AP56a-4-6, AP30-1-6 and AP36-1-6. 

The laboratory setup for fracture grouting is given in Figure 4.1. Detailed 

rock sample preparation and grouting test procedures are given in Sections 4.5 and 

4.8. The calculation of the hydraulic conductivity for the ungrouted fracture, the 

grouted rock sample and the rock matrix are given by Section 4.4. 

Fracture grouting tests are labeled in accordance with the following scheme: 

BRFGT-6 is a Bentonite Rock Fracture Grouting Test, where 6 is the seql1ence 

number of the test. The rock sample identification can be found in Appendix F 
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Table 5.1: Results of Bentonite Fra.cture Grouting Tests 

Test Fracture Grouting Bentonite Hydraulic conductivity 
aperture pressure content Ungrouted Grouted 

number (mm) (MPa) (%) (cm/s) (lo-a cm/s) 
BRFGT-1 - 0.07 20 0.85-1.13 3.5-20.1 
BRFGT-2 0.15-0.28 0.83 20 1.70-6.10 0.3.1-2.4 
BRFGT-3 0.13-0.19 1.38 20 1.20-2.60 1.90-3.00 
BRFGT-4 0.22-0.35 1.86 20 3.60-9.20 0.74-2.66 
BRFGT-5 0.22-0.35 2.90 20 3.50-8.80 0.85-1.24 
BRFGT-6 0.20-0.32 2.60 20 2.90-7.60 1.40-6.50 
BRFGT-7 0.15-0.28 1.89 20 0.90-8.00 0.40-1.09 
BRFGT-8 0.19-0.30 2.62 20 2.70-6.90 0.32-1.13 
BRFGT-9 0.20-0.32 3.04 22 2.90-7.30 0.57-1.98 
BRFGT-10 0.10-0.22 3..15 18 0.70-1.70 0.38-0.79 
BRFGT-ll* 0.10-0.17 2.10 15 0.70-1.70 -
BRFGT-12 0.13-0.21 3.04 18 1.10-3.10 0.20-1.00 
BRFGT-13 0.04-0.05 3.31 18 0.14-0.18 0.09-0.14 
BRFGT-14 0.03-0.05 3.45 18 0.07-0.17 0.08-0.13 

* the connection of grout tube and rock sample broke before grouting completed. 

and is also given by Sharpe and Daemen (1991) and by Fuenkajom and Daemen 

(1991 ). 

This chapter presents the results and the analysis of the bentonite fracture 

grouting tests on rock samples, and the results of the hydraulic conductivity tests 

for the rock sample matrix. The first part of this chapter gives a comprehensive 

description and discussion of each bentonite rock fracture grouting experiment. 

The second part of this chapter gives the results of hydraulic conductivity tests 

for the ungrouted rock matrix. The last part of this chapter gives the summary of 

the fracture grouting test results and discusses the groutability of rock fractures, 

the grouting pressure, and the reduction in fracture hydraulic conductivity by 
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bentonite grouting, based on the test results. The last part of this chapter also 

discusses possible ways to improve the sealing effectiveness of bentonite. Table 5.1 

summarizes test results and conditions for each grouting test. Table 5.2 gives the 

breakthrough pressure, fracture opening displacement during grout injection and 

extent of grout outflow for each test. The flow testing data for ungrouted fractures 

and for grouted rock samples are tabulated in Appendix B. Graphical presentations 

of the hydraulic conductivity of the ungrouted fracture are given in Figures B.1 

through B.14. 

5.2 Fracture Grouting 

Fracture grouting tests are conducted on a single fracture in Apache Leap tuff with 

Vol clay bentonite and water as the grout suspcnsion. Before grouting, an axial 

stress is applied to the rock cylinder. The applied axial normal stress controls the 

initial aperture (260) of the fracture. The rock sample with a fracture is confined 

during grouting. A grouting frame fixes the end faces of the rock sample. During 

grout injection the grouting frame limits the movement of the fracture walls as 

much as possible. A dial gauge, installed on the grout frame, monitors the apertUlc 

opening displacement under the grouting pressure. 

For the first two tests, the flow testing of the grouted rock sample is initiatcd 

after the grout has been in the fracture for 24 hours in an attempt to allow the 

grout to hydrate fully. During the grout curing, the grout dries and shrinks around 

the outer edge of the fracture. Shrinkage cracks are observed by reopening the 



fracture after completing the flow testing of the grouted fracture. For the rest of 

the tests, the flow tests are started inunediately after the injection is completed 

to prevent grout dried and shrunken during grout curing. \Vhile drying the grout 

shrinks and even fails to seal against water flow, as reported for test BRFGT-2. 

Shrinkage cracks appear in the grout after grout drying such as in tests BRFGT-

3 and BRFGT-4. Schaffer and Daemen (1987) also observed the shrinkage cracks 

develop within one day of exposure to room conditions for cement/bentonite grout. 

The falling head method is used to determine the hydraulic conductivity of the 

ungrouted and of the grouted fractures. 

For each test, the hydraulic conductivity of the grouted rock sample as a 

function of the flow testing time is given together with the hydraulic conductivity 

of the rock sample matrix. The test results of rock matrix hydraulic conductivity 

for each sample are given in Section 5.3. The matrix hydraulic conductivity of each 

sample has been measured upon completion of all grouting tests. 

5.2.1 Test BRFGT-1 

Rock cylinder AP56a-4-6 used in test BRFGT-l has a single natural fracture in

clined 25 degrees to the horizontal. The applied axial stress is 0.75 MPa before, 

during and after grouting. The injection hole is not filled well with grout. A 0.069 

MPa (10 psi) injection pressure has driven a suspension with 20% bentonite solids 

content through the rock fracture. Grout flows out of the exterior boundary along 

a single channel (Figure 5.1). Before grouting, the grout suspension had been set

tling for 15 minutes. Before and after grouting, a falling head method is used to 
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Table 5.2: Grouting pressure, rock fracture opening displacement, and the extent 
of fracture boundary over which grout flows out. 

Test Grouting Initial axial Fracture Extent of 
pressure stress opening displs. grout 

number (MPa) (MPa) (10-3 em) outflow 
BRFGT-l 0.07 0.75 - single channel 
BRFGT-2 0.83 0.15 2.79 1/2 
BRFGT-3 1.38 0.15 1.27 4/5 
BRFGT-4 1.86 0.15 2.54 all 
BRFGT-5 2.90 0.15 1.91 all 
BRFGT-6 2.60 0.15 2.30 all 
BRFGT-7 1.89 0.15 1.52 3/4 
BRFGT-8 2.62 0.30 1.52 all 
BRFGT-9 3.04 0.75 0.50 1/3 
BRFGT-lO 3.45 1.50 0.25 none 
BRFGT-ll* 2.10 0.15 - -
BRFGT-12 3.04 0.15 1.84 all 
BRFGT-13 3.31 0.15 2.79 all 
BRFGT-14 3.45 0.15 0.51 none 

* the connection of grout tube and rock sample broke before grouting completed. 

measure the fracture hydraulic conductivities. Before grouting, the fracture has a 

hydraulic conductivity of 0.85-1.13 cm/s. After grouting, and before flow testing, 

the grout has been allowed to set for 24 hours. Figure 5.2 and Table B.l show 

that the hydraulic conductivity of the fracture has been reduced to 3.5-20.1 x 10-8 

em/so 

Channels in the natural fracture have considerable influence on break-

through pressure and on sealing effectiveness. From Figure 5.3, the grout distribu

tion in the fracture is extremely localized due to the presence of a large channel. 

Grout can easily break through large channels, which makes it is impossible to 
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Figure 5.1: Rock fracture grouting for BRFGT-1, after grouting. Grout outflows 
along a single channel only. 



228 

10.6 

-CfJ -E 
u -
>-::: 
> -U 
:l 10.7 
~ 
C 
0 
0 
U 

:l 
as .. 
~ 
>-
:t: 

BRFGT-1 

10.8 

0 1 0 20 30 
Time (h) 

Figure 5.2: Hydraulic conductivity as a function of time for BRFGT·1, after grout· 

mg. 



229 

apply a high injection pressure. Low injection pressure can not drive the grout 

into small channels or small aperture channels. 

The hydraulic conductivity of the grouted fracture is the highest one com

pared with other tests. One reason is that the aperture is not filled well due to 

the low injection pressure. Another explanation is that the grout in the fracture 

may have shrunk during 24 hours curing. The shrunken grout takes less space and 

provides flow channels. "Vater has shorter flow paths, and can easily penetrate the 

shrinkage cracks. Therefore, the fracture has high hydraulic conductivity. Actually, 

the water penneability of the ungrouted fracture is much higher than that tabu

lated in Table B.I, because in the hydraulic conductivity calculation the influence 

of the presence of large channels in the aperture is not taken into consideration. 

In this calculation, the water flow out of the fracture is assumed to take place 

along the entire fracture plane. An average aperture is calculated. Therefore, the 

calculated hydraulic conductivity is much smaller than what would be calculated 

if flow had been assumed to take place along a much narrower flow channel. 

From Figure 5.2, the hydraulic conductivity of the grouted fracture increases 

significantly with test time, which may indicate washing away of bentonite particles. 

:\. flow path appears in the grout, shown in Figure 5.3, after the bentonite particles 

are taken away by flowing water. Bentonite particles suspended in the outflow water 

have been observed. The washing away is caused by the flowing water through 

shrinkage cracks. 
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Figure 5.3: Grouted rock fracture BRFGT-l. Grout distributes in the fracture 
along a single channel. During flow testing, a flow channel appears in the grout. 
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5.2.2 Test BRFGT-2 

Sample (AP30-1-6) used in test BRFGT-2 has a tension induced single fracture. 

The fracture has an equivalent aperture of 0.015-0.028 cm. The applied normal 

axial stress is 0.15 MPa before and after grouting, and during flow testing for the 

grouted fracture. The grout does not completely fill the injection hole. At 0.73 

l\'IPa (105 psi) injection pressure, a bentonite suspension with 20% solids content 

penetrates into the fracture, and at first flows out along a single channel. \Vhen the 

injection pressure is increased to 0.83 MPa (120 psi), grout flows out along half of 

the fracture outer boundary. Before flow testing the grouted fracture, the grout has 

been allowed to set for 24 hours. At first, a flow test for the grouted fracture has 

been perfonned with a falling head of 82.6 em. There has been no inflow during the 

first two hours of testing with a pressure gradient of 13 cm/ cm. After 2 hours, the 

grout has failed to seal water at 13 em/em pressure gradient. The remaining grout 

in the fracture has been allowed to set for 12 hours, and then the flow testing is 

resumed. The recovered fracture hydraulic conductivity is 3.1-24 x 10-9 cm/s at a 

18.2 to 11.5 em/em pressure gradient. Before grouting, the hydraulic conductivity 

is 1.7-6.1 cm/s. A dial gauge, installed parallel to the applied stress, records a 

maximum fracture opening of 2.79 x 10-3 em during grouting. After the injection 

pressure is released, fracture walls do not spring back. 

The bentonite grout fails at 13 cm/cm pressure gradient, which confirms that 

the bentonite grout has dried and shrinkage cracks develop during the grout curing. 

The applied pressure gradient during the first two hours causes shrinkage cracks to 

interconnect and then drives water flow out along shrinkage cracks. The swelling of 
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the shrunken grout is slower than the velocity of water flow. After the inflow water 

wets the grout, the grout swells and blocks the flow channels again. By contrast, in 

test BRFGT-14, for fully saturated grout, a pressure gradient of 13.0 to 10.8 cm/cm 

can not wash away the bentonite grout, emplaced in a small ring in the fracture 

around the injection hole. Therefore, the most probable explanation is that during 

setting for 24 hours, the grout has dried and shrunken, because the evaporation 

and the unsaturated rock sample can take moisture from the grout. The injection 

water can easily penetrate interconnected shrunken cracks. After the grout has 

shrunk, the flowing water can easily take away bentonite particles, increasing the 

hydraulic conductivity of the grouted fracture. In the following grouting tests, 

there is no grout failure and no observed evidence that the bentonite grout failure 

is due to the lack of sealing ability and erodibility of a bentonite grout with 20% 

solids content. 

During the first two hours of flow testing, no inflow is recorded, which 

shows that the bentonite grout has a great temporary ability to reduce the fracture 

hydraulic conductivity, even though shrinkage cracks develop in the grout. This 

confirms that bentonite grout is a promising fracture sealing material. If the grout 

seal length is long enough, the shrunken grout has enough time to swell, and 

pressurized water can not flow through the sealant. 

A strong self-healing ability is observed in BRFGT -2. From the results of the 

resumed flow testing with higher pressure gradient, some of the grout sealing ability 

has been recovered, as shown in Figure 5.4. After the grout is resaturated by water 

of the first flow testing, the remaining grout does not fail at a higher pressure 
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gradient (18.0 to 11.5 em/em), which indicates that saturated grout has higher 

resistance to water flow. The recovered hydraulic conductivity of the bentonite 

barrier has been reduced by more than eight orders of magnitude compared with 

the original hydraulic conductivity of the fracture (Figure 5.4 and Table B.2). 

In this test, the breakthrough pressure to start injecting 20% solids content 

grout into the fracture is very low, at only 0.83 MPa, even though fracture walls are 

in good contact for such a tension-induced fracture in the rock sample. As shown 

in Table 5.1, in test BRFGT-7 the fracture has the same aperture, and the break

through press~e is 1.89 MPa, more than two times that of this test. Two factors 

may contribute to the low breakthrough pressure. One is most likely that the grout 

does not completely fill the injection hole. Some air mixes with a small amount of 

grout and penetrates into the fracture before the bentonite grout when grouting is 

in progress. Because the air/grout mix has low viscosity and yield stress, air/grout 

mix flows ahead of the grout in the fracture and applies an almost identical grout

ing pressure over the entire fracture walls. Hence, a large fracture displacement can 

be expected. As indicated in Table 5.2, the largest fracture opening displacement 

among all tests is observed for this one. After the aperture is expanded over the 

entire fracture plane by such pressure, a low breakthrough pressure is needed to 

inject a grout without air presence. Another possible explanation for a low break

through pressure is that the aperture distribution in the fracture is non-uniform 

due to the assembling the rock sample before grouting. The grout flows out only 

along half of the fracture boundary at grout breakthrough. If there is a small 

rotation between the upper half and the lower half, the aperture distribution will 

significantly be modified. Some parts of the aperture become very large, and some 
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Figure 5.4: Recovered hydraulic conductivity as a function of time, after the grout 
washed out, for BRFGT-2. 
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become extremely small. The aperture given in Table 5.1 is the average one. 

5.2.3 Test BRFGT-3 

The rock sample AP36-1-6 used in test BRFGT-3 has a fracture with an equivalent 

aperture of 0.13-0.19 mm. The fracture in BRFGT-3 is a tension-induced single 

fracture. The fracture is subjected to an axial stress of 0.15 MPa during Bow 

testing before and after grouting, which controls the initial fracture aperture for 

grouting. During grouting, the applied axial stress remains on the sample. 

At 1.38 MPa (200 psi) injection pressure, a bentonite suspension with 20% 

solids content has been injected into the fracture. When the grout pressure in

creases to 1.38 MPa (200 psi), grout is squeezed out at one point on the outer 

boundary of the fracture. Grout flows out along four fifths of the fracture bound

ary as grouting pressure increases to 1.6 MPa (235 psi). Before the breakthrough 

pressure is reached, no fracture opening is recorded. The maximum fracture open

ing displacement due to the deformation of the rock sample and of the fracture 

caused by grout pressure is 1.27 x 10-3 em, while the grout is pumped out of the 

fracture boundary. After the injection pressure is released, the fracture walls do 

not spring back. 

The breakthrough pressure is 1.38 MPa, higher than the 0.83 MPa in test 

BRFGT-2. This is most likely caused by the smaller aperture compared with 

BRFGT-2. In this test the injection hole is not filled by grout as well in test 

BRFGT-2. The grouting pressure in this test is less than half of the 3.04 MPa in 
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Figure 5.6: Grout distribution in the fracture of BRFGT-3. Some shrinkage cracks 
have developed in the grout during flow testing. 
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te;t BRFGT-12 with the sa.-nc fr~ture aperture and the same initial axial loading. 

The reason for a low breakthrough pressure is discussed in Section 5.2.2. Because 

of the low injection pressure, the fracture opening displacement is only 1.27 x 10-3 

em, and grout Hows out along only four fifths of the fracture boundary. 

A How test has been conducted immediately after the grouting has been 

completed. The pressure gradient for How testing is 7.0 to 5.9 em/em (44.45 to 

31.75 cm pressure head). During the How test, the sample stays in air. The How test 

results (Figure 5.5 and Table B.3) show that the hydraulic conductivity of the rock 

sample has been reduced to 1.6-3.0 x 10-8 cm/s. Before grouting the fracture has a 

hydraulic conductivity of 1.2-2.6 cm/s. The hydraulic conductivity of the grouted 

rock sample decreases slightly with an increase in test time (Figure 5.5). Since the 

overall hydraulic conductivity of the grouted rock sample is little higher than that 

of the rock matrix, the grouted fracture has higher hydraulic conductivity than the 

rock mass. Assuming that the rock matrix has the same hydraulic conductivity 

before and after grouting, such hydraulic conductivity difference is contributed by 

the fracture. From Figure 5.6, a dried zone appears in the fracture 1.5 to 2.5 

em towards the injection hole. Some shrinkage cracks develop in the dried zone, 

resulting from decreasing the moisture in grout. 

5.2.4 Test BRFGT-4 

In test BRFGT-4, a suspension with 20% bentonite solids content has been injected 

into rock sample AP36-1-6 with a tension-induced fracture at 1.86 MPa (270 psi) 

breakthrough pressure. The fracture has an equivalent aperture of 0.022-0.036 em 
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(Table BAa). The applied axial stress is 0.15 MPa before and after grouting. Prior 

to grouting, the fracture has a hydraulic conductivity of 3.6 to 9.2 cm/s (Figure 

BA, Table BAa). During determining the hydraulic conductivity of the ungrouted 

fracture, the pressure gradient applied for a falling head flow test drops from 7.23 

to 0.96 cm/cm (50.9 to 6.1 cm pressure head). 

Grout flows out along the entire outer boundary of the fracture (Figure 5.7) 

after the grout breaks through. The grout takes a few seconds to penetrate through 

the fracture after breakthrough. Before breakthrough, no fracture displacement is 

recorded. The fracture aperture has been enlarged as the grout moves through the 

fracture. The maximum fracture opening displacement is 2.54 x 10-3 cm. After 

the injection pressure is released, the enlarged aperture remains unchanged. As 

can be seen in Figure 5.8, the fracture is well filled by grout. Figures 5.8 shows 

the fracture surfaces in test BRFGT-4 after grouting and flow testing. Shrinkage 

cracks have developed in the grout during the 250 hours of flow testing. 

Upon completion of grouting, the initial axial stress on the fracture is main

tained. The falling head method is used to determine the hydraulic conductivity of 

the grouted fracture. A pressure head of 54.0 to 38.1 em, 8.5 to 6.0 cm/cm pressure 

gradient, has been applied to the grouted fracture for 111 hours. Figure 5.9 and 

Table BAb give the results. The hydraulic conductivity of the grouted rock sample 

has been reduced to 0.74-2.66 x 10-8 cm/s. The calculated hydraulic conductivity 

of the grouted fracture increases slightly after four hours of flow testing. During 

flow testing, no outflow has been observed on the fracture bounda.--y. 

During the first 50 hours of flow testing, the hydraulic conductivity of the 
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Figure 5.7: Grouted fracture BRFGT-4. Grout flows out along the entire fracture 
boundary. 
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Figure 5.8: Fracture surfaces for test BRFGT-4, after 250 hours for flow testing. 
Some drying cracks appear in the grout. 

grouted rock sample is much lower than that of the rock matrix. After 50 hours, the 

hydraulic conductivity of the grouted rock sample increases slightly and becomes 

equal or larger than the rock matrix hydraulic conductivity. This indicates that 

shrinkage cracks have developed during the first or second day of flow testing. 

Even though water flows into the grout continuously, the grout can not remain 

saturated due to its inability to conduct water. All inflow water is absorbed by the 

rock matrix or evaporated, or the inflow is so small that it can not keep the grout 

fully saturated. 

In this test, the fracture aperture is larger than in the previous two tests, 
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Figure 5.9: Hydraulic conductivities of the grouted rock sample and rock matrix 
as a function of time for test BRFGT-4. 
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and the grout flows out along the entire fracture boundary. The second largest 

value, 2.54 x 10-3 cm, of fracture opening displacement has been recorded. From 

Table 5.2 when the fracture opening displacement is larger than or equal to 1.52 

x 10-3 cm, the grout flows out along the entire fracture boundary no matter what 

the initial axial loading is. In this test the fracture opening displacement is far 

larger than 1.52 x 10-3 cm. Compared with test BRFGT-5, for the same fracture 

aperture, the same initial axial loading and grout with the same solids content, the 

breakthrough pressure for this test is 1 MPa less. The fracture opening displace

ment is 25% higher. These results imply that some other factors may contribute 

to this difference, such as grout setting time, air in the injection hole or aperture 

distribution in the fracture. 

5.2.5 Test BRFGT·5 

The sample AP36-1-6 used in test BRFGT-5 has a tension-induced single fracture. 

The fracture has an equivalent aperture of 0.022-0.035 cm (Table B.5a). The 

applied axial stress is 0.15 MPa prior to and after grouting. Before grouting, the 

fracture has a hydraulic conductivity of 3.5 to 8.8 cm/s. The falling head applied on 

the fracture decreases from 50.9 to 5.1 cm (8.02 to 0.96 cm/cm pressure gradient). 

The grout is injected into the fracture one hour after it is mixed. 

A suspension with 20% solids content has been injected into the fracture 

at 2.9 MPa (420 psi) breakthrough pressure. Grout flows out along the entire 

outer boundary of the fracture (Figure 5.10). The grout takes a few seconds to 

penetrate through the fracture after breakthrough. The maximum fracture opening 
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Figure 5.10: Rock fracture grouting for BRFGT-5, after grouting. Grout outflows 
along the entire fracture boundary. 
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Figure 5.11: Grout distribution in the fracture of BRFGT-5, after the grout is 
resaturated by water, when flow testing is completed. 

displacement is 1.91 x 10-3 cm, enlarged by the injection pressure. After the 

injection pressure is removed, the opened aperture remains unchanged. Figure 

5.11 is a close-up of test BRFGT-5, showing the grout distribution in the fracture 

after the grout is resaturated. The grout fills the fracture very well. In this test, 

the highest breakthrough pressure is observed, because of a longer set ting time 

after the grout is mixed and before the grout is injected. 

Figure B.5 and Table B.5a give the results of flow testing prior to grouting 

for test BRFGT-5. Figure 5.12 and Table B.5b give the results of flow testing 

for the grouted fracture. Flow testing for the grouted fracture has been continued 
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for 87.5 hours. A pressure head of 49.5 to 38.7 cm (7.8 to 6.1 cm/cm pressure 

gradient) has been applied. The hydraulic conductivity of the grouted fracture has 

been reduced to 0.85-1.24 x 10-8 cm/s. The hydraulic conductivity of the grouted 

fracture increases slightly after 16 hours of flow testing, which suggests that some 

shrinkage cracks may be developing in the grout. After 50 hours of flow testing, 

the hydraulic conductivity of the grouted rock sample is larger than that of the 

rock matrix, which confirms the development of shrinkage cracks as in BRFGT-2, 

BRFGT-3 and BRFGT-4. Shrunken grout in the fracture can increase the space 

for water flow. Even though inflow has been recorded during flow testing, no water 

flows out through the fracture boundary. It is possible that some inflow water is 

taken up by the rock sample. Some inflow water may diffuse through the fracture 

and may be evaporated. 

In this test, the breakthrough pressure is 2.9 MPa, 35% higher than in test 

BRFGT-4 with the same grouting conditions. The main reason for the higher 

breakthrough pressure is the longer grout setting time before grouting, about one 

hour. Since during the first hour of setting, the viscosity and yield stress of the 

grout increases rapidly (Ran and Daemen, 1991), a higher grouting pressure is 

needed to drive the grout into the fracture. By comparison of the fracture opening 

displacements in test BRFGT-4 and in this test, a 2.9 MPa injection pressure 

causes 1.91 x 10-3 em fracture displacement, 25% lower than that caused by 1.86 

MPa grouting pressure. This suggests that a very high pressure gradient develops 

around the injection hole, and extremely low pressure over the rest of the area. 

Hence, a small displacement is measured, especially when a dial gauge is installed 

on the outside of the rock sample. 
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Figure 5.12: Hydraulic conductivities of the grouted rock sample and rock matrix 
as a function of time for test BRFGT·5. 
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5.2.6 Test BRFGT-6 

The rock sample, AP36-1-6 used in test BRFGT -6, has a fracture with an equivalent 

aperture of 0.020-0.032 cm (Table B.6a). The fracture in BRFGT-6 is a tension

induced single fracture with hydraulic conductivity of 2.9 to 7.6 cm/s. The fracture 

is subjected to an axial normal stress of 0.15 MPa during flow testing prior to and 

after grouting. 

At 2.6 MPa (380 psi) injection pressure, a bentonite suspension with 20% 

solids content penetrates into the fracture. Grout flows out along the entire fracture 

boundary as breakthrough pressure is reached. The maximum fracture opening 

displacement due to the deformation of the rock sample caused by grouting pressure 

is 2.3 x 10-3 cm, while the grout is pumped out of the fracture boundary. This 

breakthrough pressure is much higher than those in tests BRFGT-3 and BRFGT-4 

with the same grouting conditions. The gelation of grout may have contributed 

to this difference, because a long time setting of bentonite particles increases the 

viscosity and yield stress of the suspension (a significant increase in viscosity, in 

shear strength and in yield stress of bentonite grout during the first two hours 

settling is reported by Ran and Daemen, 1991). After the injection pressure is 

released, the fracture walls do not spring back. 

From Tables 5.1 and 5.2, the breakthrough pressure in this test is twice as 

high as that in test BRFGT -4 with the same fracture aperture, the same initial 

axial confining pressure and grout with the same solids concentration. A possible 

explanation is that the injection hole is well filled with grout before the grouting 
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is started. When the injection hole is well filled with grout, a higher breakthrough 

pressure is needed, as discussed in previous sections. In this test a higher grouting 

pressure produces a larger fracture opening displacement, almost double that of 

test BRFGT-3. Therefore, the grout Bows out along the entire fracture boundary. 

Flow testing results for the Wlgrouted fracture are given in Figure B.6 and 

Table B.6a. Figure 5.13 and Table B.6b give the results of the Bow testing after 

grouting. The Bow test has been continued for 189 hours, starting immediately 

after the grouting has been completed. The pressure gradient applied during Bow 

testing is 8.3 to 4.8 cm/ cm (52.7 to 30.5 cm pressure head). During Bow testing, 

the sample stays in air. The fracture hydraulic conductivity has been reduced to 

6.5-1.4 x 10-8 cm/s. The hydraulic conductivity of the grouted fracture increases 

with test time after 27 hours Bow testing. After 100 hours testing the hydraulic 

conductivity of the grouted rock sample exceeds that of the rock matrix. The 

calculated hydraulic conductivity of the rock sample has decreased over the first 

27 hours of Bow testing. 

5.2.7 Test BRFGT-7 

The rock sample AP36-1-6 has an equivalent aperture of 1.5-2.8 x 10-2 cm in test 

BRFGT-7 (Table B.7a). Before grouting, the fracture has a hydraulic conductivity 

of 1.6-5.9 cm/s for 8.0 -0.9 cm/cm pressure gradient. During Bow tests, a 0.15 MPa 

axial stress is applied on the rock sample. 

A suspension with 20% solids content penetrates into the fracture at 1.89 
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MPa (275 psi) breakthrough pressure. The grout flows out along three fourths of 

the outer boundary of the fracture. At grout breakthrough, the fracture opening 

displacement is 1.52 x 10-3 cm. Before injection, the grout has set for about 

20 minutes after the grout suspension is mixed. After grouting, the hydraulic 

conductivity of the rock sample is reduced to 4-11 x 10-9 cm/s. Figure 5.14 shows 

the grout flowing out the fracture boundary. Table B.7 gives the flow testing 

results before and after grouting. Figure 5.15 shows grout distribution in the 

fracture after flow testing is completed. In Figure 5.15, the grout in the fracture is 

resaturated. Figure 5.16 gives a comparison of hydraulic conductivities between the 

rock sample matrix and the rock sample with the grouted fracture. Both hydraulic 

conductivities are given as a function of test time. The flow testing after grouting 

is conducted under a pressure head of 8.9 to 6.1 em/em, which mostly is in the 

range of that used in flow testing of the ungrouted fracture. 

The breakthrough pressure is relatively low, because some grout may not 

have totally filled the central injection hole. Air mixed with grout can easily break 

through the fracture and lift the fracture walls, since an air/grout mix has extremely 

low viscosity. After the fracture aperture is enlarged, the resistance to grout flow 

becomes smaller. In this situation, a low breakthrough pressure is needed to inject 

grout into the fracture. Figure 5.15 shows that the grout has been emplaced in 

the entire fracture. Figure 5.16 indicates that after grouting, the rock sample has 

a lower hydraulic conductivity than that of the rock sample matrix during the fist 

100 hours of flow testing. The inflow of the grouted rock sample has increased over 

the 168 hours flow testing. 
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Figure 5.14: Rock fracture grouting for BRFGT-7, after grouting. Grout outflows 
along the entire fracture boundary. 
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Figure 5.15: Grout distribution in the fracture of BRFGT-7, after the grout is 
resaturated by water, when flow testing is completed. 
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Figure 5.16: Hydraulic conductivities of the grouted rock sample and rock matrix 
as a function of time for test BRFGT-7. 
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This test has the same breakthrough pressure as that in test BRFGT-4 with 

the same grouting conditions. The aperture in this test is slightly smaller than that 

in test BRFGT-4, and a smaller fracture displacement is observed. As a result, for 

such a smaller aperture enlargement, the grout can not flow out along the entire 

fracture boundary. 

5.2.8 Test BRFGT-8 

In test BRFGT -8, a 0.3 MPa axial stress is applied on the rock sample AP36-

1-6 during flow testing and fracture grouting. The fracture is a tension induced 

fracture. Before grouting, the fracture has a hydraulic conductivity of 2.7-6.9 cm/s 

under S.0-0.95 cm/cm pressure gradient (Table B.8a). The equivalent aperture of 

the fracture is 1.9-3.0 x 10-2 cm. Table B.S gives the flow testing results before 

and after grouting. 

At 2.62 MPa (380 psi) injection pressure, a grout with 20% bentonite solids 

content has been injected into the fracture. The grout takes a few seconds to be 

emplaced in the fracture and flows out along the entire fracture boundary. The 

grouting takes about 16 minutes to be completed. At the grout breakthrough, the 

fracture has an opening displacement of 1.52 x 10-3 em, the same as that in test 

BRFGT-7. Figure 5.17 shows the grout distribution in the fracture. Some drying 

cracks have developed in the grout during flow testing. Figure 5.1S is a close up 

of the grout distribution in the fracture. Figure 5.19 gives a comparison of the 

hydraulic conductivities between the rock matrix and the grouted rock sample as 

a function of test time. Bentonite grouting reduces the hydraulic conductivity of 
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Figure 5.17: Fracture surfaces for test BRFGT-8, after flow testing of the grouted 
fracture. Some drying eracks appear in the grout. 

the fractured rock sample to 3.2-11.3 X 10-9 em/so Over 117 hours of flow testing, 

a 9.3-7.5 (em/em) pressure head has been applied. 

Figures 5.17 and 5.18 illustrate that a dried zone forms for about 1.5 em 

from the outer fracture boundary towards the injection hole during flow testing of 

the grouted fracture. From Figure 5.19 the hydraulic conductivity of the grouted 

rock sample is one order in magnitude lower than that of the rock matrix during 

the first few hours of flow testing. A possible explanation may be that some pores 

in the rock around the injection hole have been sealed. The inflow of the grouted 

rock sample increases with test time. After 100 hours of flow testing, the calculated 
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Figure 5.18: Close up of grout distribution in the fracture of BRFGT-8, after flow 
testing is completed. A dried zone has formed around the outer boundary of the 
fracture. 
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Figure 5.19: Hydraulic conductivities of the grouted rock sample and rock matrix 
as a function of time for test BRFGT-8. 
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hydraulic conductivity of the grouted rock sample exceeds that of the rock matrix 

due to the deve1')ping of shrunken cracks as shown in Figures 5.17 and 5.18. 

The initial axial stress has been increased to 0.3 MPa for this test in an 

attempt to investigate the influence of loading on the groutability of rock fracture 

and on the breakthrough pressure. The breakthrough pressure increases with the 

increase in applied stress, because a higher axial stress reduces the aperture of the 

fracture. The equivalent fracture aperture is 0.19 to 0.30 mm, 16% smaller than 

that in test BRFGT-4. The breakthrough pressure, 2.62 MPa, is 30% higher than 

that in BRFGT-4 (1.86 MPa). From Figure 5.2, the axial displacement is only 1.52 

x 10-3 cm. The grout flows out along the entire fracture boundary. At the same 

fracture opening displacement, the grout in BRFGT-7 flows out only along three 

fourths of the fracture boundary. 

5.2.9 Test BRFGT-9 

In test BRFGT-9, the solids content of the bentonite suspension is 22%. Sample 

AP36-1-6 is subjected to a 0.75 MPa axial stress before the flow testing for the 

ungrouted fracture is initialized. The axial stress has been maintained during flow 

testing and grouting. Before grouting, the fracture has an equivalent aperture of 

0.20-0.32 rnm and a hydraulic conductivity of 2.9-7.3 cm/s. The pressure gradient 

for flow testing decreases from 8.0 to 1.0 cm/cm. Table B.9 gives the flow testing 

results of the rock sample before and after grouting. Figure 5.21 is a close-up of 

the surfaces of the rock fracture, showing the grout distribution when the grout 

is resaturated. Figure 5.22 gives a comparison of hydraulic conductivities between 
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the rock sample matrix and the rock sample sealed by fracture grouting. 

At 3.04 MPa (440 psi) breakthrough pressure, the grout enters the fracture. 

The grouting takes 35 minutes to be completed and has been started immediately 

after the grout is mixed. Grout flows along one third of the fracture boundary, im

mediately after grout breakthrough. At the grout breakthrough, the fractured rock 

sample has a fracture opening displacement of 0.5 x 10-3 cm. Hydraulic conductiv

ity measurements indicate a significant reduction in hydraulic conductivity. After 

grouting, the hydraulic conductivity of the fractured rock sample becomes 5.7-19.8 

x 10-9 cm/s. The flow testing for the grouted rock sample has been performed over 

117 hours. The pressure head applied is 9.8-8.5 (em/em) for flow testing. Figure 

5.20 shows the grout outflow from the fracture boundary. 

The breakthrough pressure is increased to 3.04 MPa due to the increase in 

axial stress to 0.75 MPa and the grout solids concentration increase to 22%. The 

rock sample has the same aperture as in test BRFGT-8. Higher yield stress of the 

suspension may contribute to the increase in breakthrough pressure, as the result 

of the higher solids content in the grout. Since the fracture opening displacement is 

only 0.5 x 10-3 em, the grout flows only along one third of the fracture boundary. 

The same extent of grout outflow is observed in test BRFGT-14 for 0.51 x 10-3 cm 

a:<ial displacement. 

From Figure 5.22, the hydraulic conductivity of the grouted rock sample 

decreases with test time. It is much lower than that of the rock matrix. In Figure 

5.22 the last test point is much higher than that of the rock matrix, which may 

have been caused by an error in reading the inflow. Because the flow testing time 
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Figure 5.20: Rock fracture grouting for BRFGT-9, after grouting. Grout outflows 
along the entire fracture boundary. 
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Figure 5.21: Grout distribution in the fracture of BRFGT-9, after the grout is 
resaturated by water, when flow testing is completed. 
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Figure 5.22: Hydraulic conductivities of the grouted rock sample and rock matrix 
as a function of time for test BRFGT·9. 



264 

is not long enough for shrinkage cracks to develop, the hydraulic conductivity of 

the grouted sample does not exceed that of the rock matrix. 

The fracture opening displacement of the rock sample is much smaller than 

those in the previous tests. The high bentonite concentration in the grout leads to 

a higher viscosity and yield stress of the grout slurry. Therefore, the injection pres

sure distribution along the radial direction may be significantly modified, causing 

small fracture displacement during grouting. Grout has been emplaced throughout 

the fracture (Figure 5.21). 

5.2.10 Test BRFGT-I0 

The rock sample AP36-1-6 used in test BRFGT-10 has a tension-induced single 

fracture with an equivalent aperture of 1.0-2.2 x 10-2 em (Table B.10a). The solids 

content of the bentonite suspension is 18%. Sample AP36-1-6 is subjected to a 

1.5 MPa axial stress before the flow testing of the ungrouted fracture is initialized. 

Before grouting, the fracture has a hydraulic conductivity of 0.7-1. 7 cm/s under 8.0-

0.02 em/em pressure gradient (Figure B.1O and Table B.lOa). Figure 5.23 shows 

that the grout is emplaced in a ring around the injection hole. Figure 5.24 gives 

the hydraulic conductivities of the grouted rock sample and of the rock matrix as 

a function of test time. Flow testing data before and after grouting can be found 

in Table B.I0. 

The purpose of reducing bentonite solids content is to investigate the scaling 

performance of a grout when its bentonite concentration is less than 20%. Model 
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Figure 5.23: Grout distribution in the fracture of BRFGT-lO, when flow testing is 
completed. 

tests indicate that channeling may develop in the grout when the injected grout 

has solids content less than 20%. 

Up to 3.45 MPa (500 psi) injection pressure, the grout does not flow out of 

the fracture boundary. The injection is stopped before the pressure limit of the 

grouting system is reached. An injection pressure beyond 3.45 MPa may damage 

the grouting system. Grout does not flow out of the fracture boundary because 

the fracture is so tight that the 3.45 MPa injection pressure can not enlarge the 

aperture enough to let grout in. At 3.45 MPa (500 psi) injection pressure, the 

fracture opening displacement is only 2.54 x 10-4 cm, which reveals that the pres-
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Figure 5.24: Hydraulic conductivities of the grouted rock sample and rock matrix 
as a function of time for test BRFGT-IO. 
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sure in the fracture is very small. After grouting, the hydraulic conductivity of the 

fractured rock sample becomes 3.S-7.9 x 10-9 cm/s. Over 54 hours flow testing, 

at 9.S-S.5 (cm/rom) pressure head applied, the hydraulic conductivity of the rock 

sample increases only slightly increased. After finishing the flow testing for the 

grouted fracture, the grout in the fracture is inspected. A ring of bentonite grout 

is emplaced around the injection hole, up to about 1 cm inside the fracture. This 

test raises questions about the groutability of such a fine fracture, which may not 

be penetrated by bentonite grout with lS% solids content. The higher confined 

stress applied on the rock sample and the high stiffness of the fracture may cause 

difficulty for the injection pressure to lift the fracture walls. 

Even though only a small ring of grout has been emplaced, the hydraulic 

conductivity has reduced significantly. That confinns the good sealing perfonnance 

of bentonite suspension. It also indicates that flow testing from a grout injection 

hole, under conditions of very limited grout penetration, may measure the hydraulic 

conductivity over a very small area of the "grouted" fracture. In tests BRFGT-9 

and BRFGT-10, the grout has reduced the hydraulic conductivity of the fractured 

rock sample to the same value. Figure 5.24 shows that the hydraulic conductivity 

of the grouted rock sample increases slightly with test time after 6 hours of testing. 

5.2.11 Test BRFGT-ll 

The testing for grouting BRFGT-ll is to inject a bentonite grout with 15% solids 

content into a fracture in sample AP36-1-6. A 2.1 MPa (300 psi) injection pres

sure has broken the connection between grout supply tube and the rock sample. 
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The grout does not flow out of the outer fracture boundary. The rock sample is 

subjected to a (\ 15 MPa axial stress before the grout process is initialized. Before 

grouting the fracture in sample AP36-1-6 has a 0.7-1.7 cm/s hydraulic conductiv

ity under 8.5-1.0 cm/cm pressure gradient. The rock sample has an equivalent 

aperture of 1.0-1.5 x 10-2 cm (Table B.11). 

5.2.12 Test BRFGT-12 

The rock sample AP30-1-6 used in the test BRFGT-12 has a tension-induced single 

fracture with 1.3-2.1 x 10-2 cm equivalent aperture (Table B.12a). The applied 

axial stress is 0.15 MPa during flow testing and before grouting. The fracture has a 

hydraulic conductivity of 1.1-3.1 cm/s for 8.00-0.96 (cm/cm) pressure gradient. Ta

ble B.12 gives the flow testing results of the rock sample before and after grouting. 

Grout fills the grouting system completely before the injection is initiated. 

In Test BRFGT-12, a suspension with 18% solids content has been injected 

at 3.04 MPa (440 psi) breakthrough pressure. The grout flows out around the 

entire fracture plane. At the grout breakthrough, the axial displacement is 1.84 x 

10-3 cm. This test takes about 24 minutes after the grout suspension is mixed. 

After grouting, the hydraulic conductivity of the rock sample is reduced to 2-10 x 

10-9 cm/s. Figure 5.25 shows the grout distribution in the fracture. A ring of wet 

grout appears around the injection hole, showing water can not flow out through 

the grouted fracture. The wet ring is about 2 cm for an injection pressure gradient 

of 9.4 to 6.8 em/em. Figure 5.26 gives the hydraulic conductivities of the rock 

matrix and of the rock sample after grouting. The flow testing after grouting is 



269 

Figure 5.25: Grout distribution in the fracture of BRFGT-12, after reopening the 
fracture and the grout is wetted, when flow testing is completed. 

conducted under a pressure head of 9.4 to 6.8 em/em. 

The hydraulic conductivity of the grouted rock sample is the same or a little 

higher than that of the rock matrix. After 150 hours of flow testing, the hydraulic 

conductivity of the grouted rock sample is slightly higher than that of the rock 

matrix. The hydraulic conductivity of the grouted rock sample decreases with 

time for over 497 hours of testing. No obvious drying cracks have appeared after 

the flow testing of the grouted fracture has been completed (Figure 5.25). 

The breakthrough pressure of 3.04 MPa is two times higher than that of test 
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Figure 5.26: Hydraulic conductivities of the grouted rock sample and rock matrix 
as a function of time for test BRFGT-12. 
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BRFGT-3 with the same fracture aperture and the same initial axial loading. The 

viscosi ty of the uout should be lower than that of test B RFG T -3 as it contains only 

18% solids content. A possible explanation for the lower breakthrough pressure is 

that in test BRFGT-12 grout does fill the injection hole and grout tube very well. 

In test BRFGT-3, air/grout mix takes some space in the injection hole so that 

grout can penetrate into the fracture before the grout. Therefore, BRFGT-3 needs 

a lower breakthrough pressure. 

5.2.13 Test BRFGT-13 

In test BRFGT-13, the rock sample (AP30-1-6) has a tension-induced fracture. 

The fracture has an equivalent aperture of 4.1-5.0 x 10-3 cm (Table B.13a). The 

applied axial stress is 0.15 MPa throughout the grouting test. Prior to grouting, 

the fracture has a hydraulic conductivity of 0.14 to 0.18 cm/s. To determine the 

hydraulic conductivity of the ungrouted fracture, the pressure gradient applied 

during a falling head flow test falls from 12.7 to 5.1 cm/cm (80.6 to 32.4 cm head). 

In test BRFGT -13, the solids content of the bentonite suspension is 18%. 

Sample AP30-1-6 is subjected to a 0.15 MPa a..xial stress before the flow testing of 

the ungrouted fracture is initialized. At 3.31 MPa (480 psi) breakthrough pressure, 

the grout has been injected into the fracture. The grouting takes 15 minutes 

to complete after the grout is mixed. Grout flows out along all of the fracture 

boundary. At breakthrough, the fracture has a fracture opening displacement of 

2.79 x 10-3 cm. Before grouting, the fracture has a hydraulic conductivity of 0.14 

to 0.18 em/so After grouting, the hydraulic conductivity becomes 0.9-1.4 x 10-9 



- cm/s. Over 412 hours of flow testing, 13.3-11.7 (em/em) pressure head applied on 

the rock sample. 

The fracture opening displacement is much larger than in all other tests. 

High injection pzessure produces large fracture opening displacement. In this test, 

the fracture has a small aperture. The pressure distribution along the radial di

rection compared with other tests may be modified significantly, as discussed in 

Chapter two. 

From Tables 5.1 and 5.2, the breakthrough pressure is increased to 3.31 MPa 

in this test, because the fracture aperture is only 0.04-0.05 cm. When the fracture 

aperture is 0.12-0.21 mm, the breakthrough pressure is 3.04 MPa (test BRFGT-

12). In these two tests, the grout flows out along the entire fracture boundary. The 

initial axial stress, the rock cylinder and the grout solids concentration are the same 

as in tests BRFGT-12 and BRFGT-14. The fracture opening displacement during 

this test is 50 times higher than the displacement in BRFGT -12. This indicates that 

the fracture opening displacement is not linearly related to the grouting pressure. 

It may vary with fracture aperture and with the viscosity and the yield stress of 

the grout. 

Figure 5.27 shows the uniform grout distribution in the fracture. Water can 

not flow through the grouted fracture Wlder 13.3 to 11.7 pressure gradients, but 

wets a 2.5 em ring aroWld the injection hole. A limited amoWlt of grout has been 

emplaced in the fracture due to the small fracture aperture. Hence, no cracks ap

pear in the grout. Figure 5.28 gives the flow test results for the grouted rock sample 

and the hydraulic conductivity of the rock matrix. The hydraulic conductivity of 
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Figure 5.27: Grout distribution in the fracture of BRFGT-13, after the grout is 
resaturated by water, when How testing is completed. 
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Figure 5.28: Hydraulic conductivities of the grouted rock sample and rock matrix 
as a function of time for test BRFGT-13. 



the grouted rock sample is quite stable with test time in over 400 hours testing. 

Figure 5.28 reveals that the grouted rock sample has a lower hydraulic conductiv

ity than the rock matrix. The grout in the rock fracture possibly has much lower 

hydraulic conductivity than the rock matrix, because most flow may take place 

through the pores in the rock which are not filled by bentonite suspension. 

5.2.14 Test BRFGT-14 

The rock sample AP30-1-6 used in the test BRFGT-14 has a fracture with an 

equivalent aperture of 3.4-4.7 x 10-3 cm. The fracture is a tension-induced single 

fracture with hydraulic conductivity of 0.09-0.17 cm/s under 12.7-10.2 pressure 

gradients. The fracture is subjected to an axial stress of 0.15 MPa during flow 

testing prior to and after grouting. 

In test BRFGT-14, the solids content of the bentonite suspension is 18%. 

Sample AP30-1-6 is subjected to a 0.75 MPa axial stress before the flow testing of 

the ungrouted fracture is initialized. At 3.45 MPa (500 psi) injection pressure, the 

grout flows into the fracture. The grouting takes 60 minutes to complete after the 

grout is mixed. Grout does not flow out along one third of the fracture boundary. 

At 3.45 MPa (500 psi) injection pressure, the fracture has an axial fracture opening 

displacement of 5.1 x 10-'" cm. After grouting, the hydraulic conductivity of the 

fractured rock sample becomes 0.8-1.3 x 10-9 cm/s. Over 741 hours of flow testing, 

a 13.0-10.8 (em/cm) pressure head is applied. 

The highest breakthrough pressure is observed in this test. A 3.45 MPa 
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Figure 5.30: Hydraulic conductivities of the grouted rock sample for test BR
FGT-14 and of the rock matrix as a function of time. 
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injection pressure only produces 0.51 x 10-3 cm fracture opening displacement. 

Because of the smaller fracture opening displacement, the grout only penetrate 

a small distance into the fracture. For such fine fracture aperture, the applied 

injection pressure can not drive the grout through the fracture. 

Figure 5.29 shows that a small ring of bentonite suspension has been em

placed around the injection hole. Even though only a small ring of grout has been 

emplaced, the hydraulic conductivity of the grouted rock sample is lower than that 

of the rock matrix (Figure 5.30). Figures 5.29 to 5.30 reveal the great hydraulic 

conductivity reduction resulting from the emplacement of the bentonite suspension. 

Table B.14 gives the flow testing results before and after grouting. 

5.3 Hydraulic Conductivity of Rock Matrix 

In order to better understand the sealing performance of bentonite grouting, es

pecially to evaluate the hydraulic conductivity of the grouted rock sample, flow 

testing of the rock matrix is conducted on rock sample used for bentonite grouting 

testing. Distilled deaired water is used as the testing fluid. The flow tests arc 

conducted while a constant axial load is applied to the sample after its fracture is 

glued. High strength and high water resistance epoxy has been used to glue the two 

halves of the rock samples together. The laboratory arrangement of flow testing is 

the same as used for the grouted fractures. Falling head tests are performed. The 

testing conditions are the same as the testing for ungrouted and grouted fractures. 

Water is filled into a pipette and the center hole of the sample. The decrease of 
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the water level in the pipette is measured as a function of time. The test stops 

when the hydraulic conductivity no longer changes greatly with time. Section 4.7 

describes the m .. thod to calculate the hydraulic conductivity of the rock matrix. 

The matrix hydraulic conductivity of two samples, AP30-1-6 and AP36-1-6, 

has been tested. Figure 5.31 shows the hydraulic conductivity of sample AP30-

1-6 as a function of test time. Figure 5.32 gives the hydraulic conductivity of 

rock sample AP36-1-6 as a function of test time. The results of these two tests 

are tabulated in Tables C.1 and C.2. The pressure gradient acting on the rock 

sample is 11.5 to 9.4 cm/cm for AP30-1-6 and 13 to 6 cm/cm for AP36-1-6. A 0.15 

MPa axial stress has been applied on the rock samples, because most axial stresses 

applied during grouting tests are 0.15 MPa. Hence, these test results can be used 

for comparing the effectiveness of bentonite rock fracture grouting. 

Rock sample AP30-1-6 has a matrix hydraulic conductivity of 1.3-18.9 x 

10-9 cm/s under 0.15 MPa axial stress. During the first 3 hours of flow testing, 

this rock sample has a very high apparent hydraulic conductivity, because the 

rock sample is not fully saturated. After one day testing the calculated hydraulic 

conductivity of the AP30-1-6 becomes stable at 1.3-2.4 x 10-9 cm/s. 

The matrix hydraulic conductivity of Sample AP36-1-6 is 6.1 to 34.5 x 10-9 

cm/s. The hydraulic conductivity of this sample increases slightly with test time 

after 174 hours of flow testing. During the first 6 hours, the hydraulic conductivity 

is very high up to 3.45 X 10-8 cm/s. 

The hydraulic conductivities of the rock matrix rapidly decreases during the 
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Figure 5.31: Hydraulic conductivity of the rock matrix as a flUlction of test time 
for sample AP30-1-6. 
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for sample AP36-1-6. 
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first a few hours, which can match the infiltration theory for rock samples under 

partial saturation conditions. The increase of the saturation of the rock sample 

leads to the decrease of the pressure gradient of the rock matrix. Sharpe and Dae

men (1991) have reported a rock matrix hydraulic conductivity range from 10-7 to 

10-9 cm/s at 0.05 MPa axial stress for the same type of rock sample with the same 

test method. The results in Figures 5.31 and 5.32 are in this range. Fuenkajorn 

and Daemen (1991) report that the hydraulic conductivity of saturated Apache 

Leap tuff is less than 10- 11 - 10-9 cm/s. The radial permeameter method was used 

in measuring the hydraulic conductivity of the saturated tuff by Fuenkajorn and 

Daemen (1991). 

5.4 Discussions 

5.4.1 Fracture Grouting Experimental Results 

Bentonite rock fracture grouting tests are conducted on both natural and tension

induced single fractures in densely welded Apache Leap tuff. Suspensions with 

bentonite solids content of 18, 20 and 22% by weight have been injected into frac

tures with equivalent apertures from 0.03 to 0.35 mm. The injection pressures are 

in the range of 0.07 to 3.45 MPa. The rock cylinders containing the fractures are 

loaded to an axial stress of 0.15 to 1.5 MPa. The hydraulic conductivity of the 

grouted rock fractures is reduced to 10-7 to 10-9 cm/s, which is lower than that of 

the rock matrix. Tables 5.1 and 5.2 give a summary of the test results of bentonite 

fracture grouting. In most of the grouting tests, grout flows out along the outer 
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boundary of the fracture. 

Bentonite grout can penetrate an inclined rough natural fracture and hori

zontal artificial fractures with well matched fracture surfaces. Test BRFGT-1 has 

a natural fracture inclined 25 degree to the horizontal. Grout flows out along a 

single channel under 0.069 MPa (10 psi) injection pressure. Because of a localized 

channel, grout is not emplaced along the entire fracture plane. In the other tests, 

fractures are tension-induced artificial fractures. Fracture apertures are relatively 

uniformly distributed. Fracture walls tightly contact each other. Therefore, high 

injection pressures are required. 

Grout flows out along most or all of the outer fracture boundary, except for 

test BRFGT-lO, 11 and 14. In BRFGT-11, the grouting system has failed before 

grout breakthrough. In test BRFGT-14, the fracture is so small (30-50 microns) 

that it can not be penetrated at a 3.45 MPa (500 psi) injection pressure, a limit 

delivery pressure for the grouting system. In test BRFGT-10, the initial axial stress 

is 1.5 MPa, leading to grout being blocked due to the tightness of the fracture. The 

pressure can not widen the fracture large enough to let grout penetrate. From Table 

5.2, when the fracture opening displacement at the outer edge of the fracture is 

less than 10 microns, the grout can not flow out of the entire fracture boundary. 

In tests BRFGT-10 and 14, bentonite grout is emplaced in a small ring aroWlo the 

injection hole. 

For the first two tests, the flow testing of the grouted rock sample is initiated 

after the grout stands in the fracture for 24 hours. For the other tests, the flow tests 

arc started immediately after the injection is completed to prevent grout drying 
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during grout curing. After drying, the grout shrinks and even fails to seal against 

water flow, as in test BRFGT-2. Shrinkage cracks appears in the grout after drying 

such as in tests BRFGT-3 and BRFGT-4. 

5.4.2 Grouting Pressure 

One concern regarding bentonite grouting is the groutability of the rock fracture. 

It is very important to find the thickest grout that is able to penetrate particular 

fracture apertures. Grouting pressure influences the solids content of the grout 

that can be injected through the finest fracture. Grouting pressure should provide 

a sufficiently high injection pressure to drive the grout as far as possible into the 

fracture. Conversely, the injection pressure should be as small as needed to prevent 

widening of the fracture and to prevent creating new fractures or new voids that 

cause irreparable damage to the rock mass. 

Both high pressure grouting or displacement grouting and low pressure 

grouting are applicable for grouting in nuclear waste repositories. High injection 

pressure to widen fractures allows the grout to penetrate fully into fractures which 

have small apertures. \Vhen the injection pressure is released, a perfectly sealed 

fracture is assumed to be formed when the rock springs back and compresses the 

grout. Low injection pressure or permeation grouting may be useful to fill wide 

apertures and to prevent hydraulic fracturing. Displacement grouting may only 

be acceptable if the zone of hydrofracturing is limited to the immediate vicinity of 

the injection hole. In BRFGT-l. penneation grouting is used under extremely low 

grouting pressure. In the other tests, displacement grouting technology has been 
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used. In those tests, fracture and rock mass displacements are allowed. 

Grouting pressures required to inject grout into fractures are related to the 

flow properties of the grout, fracture aperture and orientation, and grout parti

cle size. Bentonite suspension has very high viscosity and shear strength during 

grouting, and has high yield stress (Ran and Daemen, 1991), which may require 

high injection pressure. In model tests, fractures have extremely smooth fracture 

walls. Their resistance to grout flow is relatively small. Fractures in models have 

low fracture stiffness and can be widened by low injection pressure. So it is more 

difficult to inject bentonite grout into rock fractures. Firstly, rock fractures have 

high fracture stiffness leading to difficulties to initiate the fracture to accept grout, 

or high breakthrough pressure is needed. Secondly, the rough fracture surfaces 

cause high pressure losses along the direction of grout flow, which limits the de

livery distance. Thirdly, for a tension induced fracture, fracture walls match and 

contact each other very well. Apertures need to be enlarged over .the entire fracture 

plane to meet the particle size requirement for penetrating. For natural fractures, 

if some channels can meet the particle or clot size requirement, grout Cdll penetrate 

channels, such as in test BRFGT-l. 

The lubrication properties of bentonite suspension reduce the required grout 

pressure significantly. In the oil industry, bentonite suspension is used as a lubrica

tion fluid to reduce the friction between the drilling bit and the wall of the borehole 

(Moore, 1986). As pointed out by Lombardi (1985), the friction between the fluid 

and the fracture walls exerts enormous resistance to the penetration of the grout 

into fractures. For cement grout, grout particles are interlocked when grout has 
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strong friction with fracture walls and with grout particles. Such interlocking may 

stop the grout from moving ahead freely, which reduces the grout delivery distance 

greatly (Houlsby, 1990; Lombardi, 1985). The lubrication of bentonite grout can 

keep grout particles off the fracture walls and reduces any tendency for catching 

them by friction, bridging and interlocking. Hence bentonite grout particles can 

easily slip through, into the fracture. The flow resistance is not as much as the 

rough fracture walls suggest it should be. 

Results shown in Table 5.1 indicate that grouting pressures, driving ben

tonite suspension flow through fractures, vary with fracture aperture, bentonite 

content in the grout and setting of bentonite suspension. As pointed out by Ran 

and Daemen (1992a), in laboratory grouting tests the grouting pressure is propor

tional to the yield stress of the grout, the injection hole length and the fracture 

length that the grout reaches, and stands in inverse ratio to the injection hole 

radius and the pressure needed to initially open the aperture wide enough to let 

grout penetrate. 

If some air appears in the grout or the grout does not completely fill grout

ing pump, injection holes and grout delivery tubes, the breakthrough pressure is 

low, such as in tests BRFGT-2 to BRFGT-4. Some air/grout mix penetrates into 

the fracture before the bentonite grout during grout penetration. Because the 

air/grout mix has a low viscosity, low yield stress and a low density, the injection 

pressure applied on the fracture walls may only have small reduce over the radial 

distance. Hence, a large fracture displacement can be expected. After the aperture 

is expanded by air/grout mix pressure, the grout can be injected easily. When 
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grout contains or mixes "'w·ith some air, both the density and viscosity of the grout 

suspension should be decreased. From Tables 5.1 and 5.2, for the tests when the 

grouting system is completely filled by grout, the breakthrough pressure is more 

than 1 MPa higher than that of the grout mixed with some air. In tests BRFGT-5, 

BRFGT-6, BRFGT-7, BRFGT-8 and BRFGT-9, the breakthrough pressure is very 

high, because grout completely fills the grouting system. 

The injection pressure increases with a decrease in fracture aperture. When 

the fracture aperture is less than 0.05 mm, the breakthrough pressure is as high 

as 3.31 MPa (BRFGT-13) or more. For an aperture larger than 0.12 mm, the 

breakthrough pressure is only about 2.6 MPa (BRFGT-5) or less. There is no 

significant difference in breakthrough pressure for bentonite solids content from 

18 to 22%. In cement grouting, the water cement (w:c) ratio has a significant 

influence on injection pressure for cement grouting. Kennedy (1958) observed that 

a 0.01 inch (0.25 mm) fracture aperture can be penetrated at a 24 psi (0.17 MPa) 

injection pressure with a w:c ratio of 2.67, at a 50 psi (0.34 MPa) injection pressure 

with a w:c ratio 1.33, and can not be penetrated at 100 psi (0.69 MPa) injection 

pressure with further reductions of the water-cement ratio. The thicker grout has 

a larger yield stress, and a higher injection pressure is required to drive it into a 

fracture. 

5.4.3 Shrinkage Cracks in Dried Grout 

Shrinkage cracks are observed in the grout during flow testing of grouted fractures. 

A dried or a semi-dried zone appears around til\! outer Loundary of the fracture 
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for about 2 cm towards the injection hole. As the moisture content decreases 

and shrinkage cracks develop, the inflow increases slightly with increasing testing 

time. In test BRFGT-2, the grout fails to seal water at 13 cm/cm pressure gradi

ent when flow testing the grouted fracture, caused by shrinkage cracks developing 

during grout curing. Schaffer and Daemen (1987) observed shrinkage cracks to 

develop within one day of exposure to room conditions of a separated fracture with 

cement/bentonite grout. Interconnected shrunken grout cracks appear in dried 

fractures in model tests (Ran and Daemen, 1991). Theoretically, the dried ben

tonite suspension can return to its original volume, i.e. a bentonite suspension 

with 20% solids content by volume only fills 20% of the space it occupied in the 

fracture after it dried. 80% of the total space is available for water flow. If water 

can flow through shrinkage cracks, another bentonite grouting may be possible and 

necessary. 

5.4.4 Reduction of the Fracture Permeability 

Bentonite grout can reduce fracture hydraulic conductivity significantly. The re

duction of the fracture hydraulic conductivity depends on how many solid particles 

are emplaced in voids in a fracture, or on what pore volume of the fracture has been 

filled by grouting. Many factors affect the permeability reduction of a fracture by 

grouting, such as particle-size distribution, microstructure, mineral composition, 

void ratio and exchangeable cations of the grout, the characteristics of the fluid, 

and the degree of saturation. Important are the solids content of the grout em

placed in the fracture, and the grout continuity in the fracture. Table 5.1 shows 
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the reduction in hydraulic conductivity for grouted fractures. Suspensions with 

bentonite concentrations from 18 to 22% can reduce the hydraulic conductivity of 

fractures to the 10-7 to 10-9 cm/s level. 

The penneability of the grouted fracture is not strongly affected by the width 

of the fracture, the same tendency reported by Ran and Daemen (1991, 1992a) for 

model tests. The measured hydraulic conductivity of the grouted fracture is in the 

range of a relationship suggested by Low (1976) between hydraulic conductivity 

and bentonite solids content. 

From Eq. (4.1), a bentonite suspension with 15% solids content should have 

hydraulic conductivity of 1.98 x 10-8 cm/s, and 22% solids content should have 

2.30 x 10-9 cm/s. As discussed in Section 4.5.3, the results reported by Ran and 

Daemen (1991) overestimate the hydraulic conductivity of the grouted fracture, 

because of the uncertain flow test conditions. A higher bentonite solids content in 

the grout may be expected to result in a greater reduction in fracture hydraulic 

conductivity. However, if the grout has very high bentonite concentration, the 

breakthrough pressure may be very high, which may not be allowed in practice. 

High injection pressure may damage the rock mass and may not be acceptable. 

Moreover, it is difficult to mix a suspension with high bentonite concentration. 

The viscosity and yield stress of bentonite suspensions can be reduced effec

tively by adding salt to grout (Pusch et al., 1989; Stichman, 1990). When bentonite 

grout is mixed with salt, the required grout pressure can be reduced significantly. 

If the grout is rich in salt, its swelling ability will be reduced greatly, and hence, 

the ability to conduct water can be increased, and its ability to resist erosion may 
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be reduced. 

Another possible way to reduce the viscosity and yield stress of the bentonite 

grout is by using a grout with low solids concentration. Densely emplaced grout 

can be achieved by the repeated injection of a low solids grout into a fracture. 

Because fractures are in unsaturated environmental conditions, the moisture in 

the grout can be absorbed by rock mass. Some drying cracks can appear in the 

fracture, may form paths for grout re-injection. More solids may then be expected 

to be emplaced in the fracture. Meanwhile, a dilute bentonite suspension may be 

delivered to a far greater distance due to its low yield stress and viscosity. 

Most flow test results indicate that the calculated hydraulic conductivity 

of the grouted fractures increases slightly after a period of flow testing. The rock 

sample is in unsaturated condition, because no outflow is observed for each test, 

and shrinkage cracks develop in grout. A possible explanation is that shrinkage 

zone around the outer edge of the fracture in grout increases with the testing time. 

The rock matrix taking moisture from the grout and due to evaporation. As a re

sult, the flow path becomes shorter, and the gradient of the pressure head increases 

with time, leading to the increase of the inflow. Hence, the calculated hydraulic 

conductivity can increase when the same pressure gradient is used over the flow 

testing time. According to Eq. (4.1) and results in Section 5.3, the hydraulic con

ductivity of the rock matrix is at the same level of the grout suspension. Matrix 

flow dominates the water flow through the grouted samples, because the thick

ness of the grouted fracture is much smaller than the length of the rock sample. 

Therefore, another reason may be the increasing of the degree of the saturation 
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of the rock matrix resulting of taking up inflow continuously. The unsaturated 

hydraulic conductivity of rock matrix increases ·::~th the increasing the degree of 

sa.turation (Evaw; and Nicholson, i987), because oniy pores which contain water 

can contribute to the flow of water. 

It is difficult to determine the real hydraulic conductivity of the grouted 

fracture, because the flow rate of the rock matrix before grouting is larger than 

the total of the grouted fracture and the rock matrix after grouting. The hydraulic 

conductivity calculation for the grouted rock samples assumes that after grouting 

the hydraulic conductivity of the fracture is the same as that of the rock mass. 

According to the results reported in the previous sections, the grouted fracture has 

a lower hydraulic conductivity than that of the rock matrix for most of the tests. 

This assumption overestimates the hydraulic conductivity of the grouted fracture. 



CHAPTER 6 

SUMMARY, CONCLUSIONS AND RESEARCH 

RECOMMENDATIONS 

Fracture sealing for nuclear waste isolation requires that the sealing barriers have 

a low hydraulic conductivity, a long-term chemical and physical stabilities, and 

high heat-conducting capacity. Conventional cement grout may not meet all these 

requirements due to limitations of its chemical and physical stability, and large 

particle size. A bentonite grouting technology should be developed. 

Cement has a lot of problem regarding its chemical and physical performance 

in radioactive waste isolation. Cement grout is a strong and dense, and has low 

hydraulic conductivity. Cement grout has a limited swelling properties, and has 

a high interface hydraulic conductivity due to water bleeding. Cement has a high 

pore water pH value, which may leads to dissolve soluable materials and causes a 

structural element changes. 

Bentonite has an excellent sealing performance, an ability to absorb radionu

clides, a good heat conducting capacity, a good hydraulic and chemical stability, 

and strong fracture healing properties. Bentonite would provide effective long-term 

sealing. 
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This investigation develops technologies of bentonite grouting to seal frac

tures or voids in nuclear waste isolation and environmental restoration. The pri

mary objective addresses the groutability of rock fractures, especially for fractures 

with apertures less than 100 pm, assesses grout wash-out pressure, and investigates 

the sealing performance under high pressure gradient. 

The work reported herein presents an experimental evaluation of the effec

tiveness of bentonite fracture grouting on densely welded Apache Leap tuff and 

the theoretical analysis of grout penetration process, pressure distribution in the 

fracture during grouting, grout delivery distance and breakthrough pressure. 

6.1 Summary and Conclusions 

6.1.1 Fracture Grouting 

Bentonite suspensions with solid concentrations from 18 to 22% by weight can 

successfully penetrate into rock fractures in densely welled Apache Leap tuff under 

injection pressure of 0.07 to 3.45 MPa. The groutable fracture aperture for the 

tested grouts is as fine as 30·50 microns. The grout breakthrough pressures vary 

with the fracture aperture, solids content in the grout and extent of the grout filled 

in grouting system. Bentonite grout can reduce fracture hydraulic conductivity to 

that of the rock matrix. 

The nature of the fracture surfaces has a strong influence on the grout 

breakthrough pressure. The natural fracture having unmatched asperities requires 
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. a very low breakthrough pressure. 'Yell matched fractures with small aperture 

require a large breakthrough pressure to initiate grout penetration. 

In most tests, grout flows out along the entire fracture boundary, which 

shows that the bentonite suspension has good delivering and pumping properties, 

which may be expected to be excellent for fracture sealing. Upon reopening the 

grouted fracture, grout fills the aperture very well. In most tests, grout flow along 

the fracture is not symmetrical due to the uneven fracture aperture. For a natural 

fracture (BRFGT -1), grout only fills localized channels, because the existed flow 

paths can not be allowed to apply higher grout pressure to drive the grout fill all 

fracture apertures. 

When air mixes into the grout, or grout does not well the grouting system 

completely, the breakthrough pressure can be reduced significantly. The presence 

of air in the grout reduces the density, the viscosity and the yield stress of the grout. 

When grout does not fill the grouting system well, air/grout mix travels before the 

grout into the fracture and opens up the fracture aperture so that grout can easily 

penetrate the fracture. Air in grout can not cause seriously discontinuity, because 

it can be expelled by back flow pressure. 

Bentonite grout may dry in a fracture and shrinkage cracks may form when 

its moisture is taken away by the rock mass. Shrinkage cracks can lead to water 

propagation through the sealing barriers if the grout is resaturated. Shrinkage 

. cracks may be pathways for new grout injection. 

Test results show that bentonite suspensions with solid concentrations from 
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18 to 22% by weight can reduce the hydraulic conductivity of a fracture by 7 to 9 

orders in magnitude. The hydraulic conductivity of the grouted fracture is as low 

as 10-7 to 10-9 cm/s, which are in the range of those calculated with Eq. (4.1) 

proposed by Low (1976). The actual hydraulic conductivity of the grouted fracture 

may be lower than the results calculated based on radial flow testing. Radial flow 

testing has two major disadvantages in determining the hydraulic conductivity of 

a single fracture in a rock cylinder. One is uncertain flow regimes and the other 

is huge energy loss around the injection hole (Pyrak-Nolte, et al., 1990). These 

two disadvantages result in an overestimate of the hydraulic conductivity of the 

fracture. 

6.1.2 Stability of the Bentonite Grout and Bentonite Suspensions 

6.1.2.1 Settlement Capacity and Settlement Rate 

A bentonite suspension with more than 15% solids is quite stable. No bleed water 

appears on the surface of a grout for a suspension with 15% bentonite or more. A 

grout is unstable if the bentonite concentration is 12.5% or less. The settlement 

capacity of bentonite grout decreases with an increase in solids content up to 15%. 

When a suspension has a solids content or 15% or more, the settlement capacity 

is zero. The settlement rate of bentonite grout decreases with increasing solids 

content, because of the associated increase in the density of the suspension. Grout 

particles can not settle if the suspension has a solids concentration more than 15%. 

A stable bentonite grout should have a solids content of 15% or more. If 
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the grout suspension has a bentonite solids content less than 12.5%, the grout is 

unstable. To penetrate a fracture with unstable grout suspension, some exceeded 

water can bleed out from the grout. Bleeded water may appear on the interface 

between the grout and the fracture wall. Bleeding paths may form channeling. 

Such channels and the grout-fracture interface have high hydraulic conductivity. 

6.1.2.2 Wash-out Pressure 

If the fracture is subjected to a high hydraulic pressure gradient, the emplaced 

grout has a risk of being washed away. A high pressure gradient can produce 

hydraulic fractures in bentonite grout. Grout particles can be washed away along 

hydraulic fractures, channels and shrinkage cracks. For grout with solids content 

of 19 to 20%, if the hydraulic pressure applied on the grout is 82.8 kPa (61 cm/cm 

pressure gradient), the grout particle has a high chance of being washed away along 

pressure-induced hydraulic fractures, channels, shrinkage cracks and other pre

existing defects. Channels and shrinkage cracks are major contributors to washing 

out. For grout uniformly distributed in a fracture, the grout can bear higher wash

out pressure. BGEWT-l has less channeling and shrinkage cracks. The wash-out 

pressure is 38-50% higher than the rest of the tests. 

After the grout failure at high hydraulic pressure, the grout sealing ability 

can be recovered by removing the applied pressure, showing a strong self-healing 

ability of bentonite grout. 
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6.1.2.3 Erosion of Bentonite Grout 

The erosion of bentonite grout is a ... ery slow process of grout responding to the 

contact and reaction with water physically and chemically. These contacts and 

reactions may involve a phase change, microstructure variation and a degrading of 

its ability to resist conducting water. In this investigation, all these changes are 

interpreted in tenns of the hydraulic conductivity of the grout. 

Grout erosion has been studied for grout under long-tenn and high hydraulic 

pressure flow testing. After 1,000 to 5,000 hour flow testing, the hydraulic con

ductivity of the grouted fracture does not increase with test time. The hydraulic 

conductivity of the grouted fracture decreases with an increase in pressure gradient 

up to wash-out pressure. \Vhen the applied hydraulic pressure gradient increases 

from 0.04 to 80 em/em, the hydraulic conductivity of the grouted fracture reduces 

1 to 2 orders in magnitude. Proper hydraulic pressure applying on grout can com

press bentonite grout and reduces its porosity and penneability so that its sealing 

perfonnance improves. 

6.1.2.4 Water Flow in Shrunken Grout 

Water can resaturate dried or shrunken grout when the applied hydraulic pressure 

is large enough. The resaturation pressure is about 125 to 150 kPa to wet the 

dried and shrunken grout emplaced in a fracture model over 1,500 to 3,000 hours. 

Before grout desaturation, the grout has 23% content of bentonite. Resaturation 

of the shrinkage grout can eliminate channels and shrinkage cracks. After resatu-
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ration, the hydraulic conductivity of the grouted fracture reduces in 1 or 2 orders 

in magnitude due to the consolidation from the saturation pressure. 

6.1.3 RheolC'gical Properties of Bentonite Suspension 

The viscosity and shear stress of a suspension can be described by a power law. The 

viscosity of the grout suspension decreases with an increase in shear rate according 

to a negative power law. In a log·log graph, a linear relation well describes the 

viscosity and shear rate. 

During gelation, viscosity and time are related by a negative power function, 

that is, viscosity is equal to time to a negative exponent. Bentonite grout has strong 

thixotropic properties, and undergoes a shear strength increase at rest. The shear 

stress of bentonite grout increases with the shear rate as a positive power function. 

Before pressure grouting, the grout may need to be agitated at a high shear rate 

to get a suspension with low viscosity, which can be easily injected into a fracture 

or can be delivered to a great distance. In other words, a suspension should be 

injected immediately after the grout has been prepared and before the swelling 

starts. 

U sing only one breakdown kinetic constant (B) can not describe the power 

law of the viscosity· time relation, because of shear thinning. A single breakdown 

kinetic constant underestimates the viscosity for test times exceeding 400 seconds. 

The yield stress, affecting the required minimum injection pressure or break· 

through pressure and grout delivery distance, can be predicted in terms of bentonite 
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. solids concentration. Calculating the yield stress of bentonite suspension using the 

polynomial equation (3.20) and the power law equation (3.21) is reasonable and is 

sufficiently accurate, particularly comparing the results of suspensions with solids 

content between 11 and 23% (Ran and Daemen, 1991). 

6.1.4 Theoretical and Numerical Analysis of Grout Penetration Pro

cess and Breakthrough Pressure 

Groutability of rock fractures has been analyzed in terms of breakthrough pres

sure or of the fracture deformation under injection pressure based on finite element 

analysis and a fracture layer model. Groutability is the major concern for ben

tonite grouting fractures with an aperture of about or less than 100 pm and for 

grouting with bentonite suspensions with high solids content. Analytical solution 

of the pressure distribution during grouting shows that the yield stress of the ben

tonite suspension, the fracture aperture and the shape of the fracture control the 

pressure distribution and the pressure transmission distance. High solids content 

in a bentonite suspension leads to a higher yield stress, which limits the grout 

pressure transmission, and influences the grout pressure distribution, increases the 

breakthrough pressure, and limits the grout delivery distance. 

6.1.4.1 Grout Penetration Process 

The grout penetration process can be described by two stages. During the first 

stage, the injection pressure acts on the inner edge of the fracture around the 
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injection hole, and opens up the fracture tip large enough to initialize grout pen

etration. During the second stage grout flows into the fracture and, at the same 

time, opens the fracture aperture along more of the fracture plane. The penetra

tion stops when the grout can not transmit sufficient injection pressure, i.e. the 

injection force equals the sum of the friction resistance force and the force produced 

by yield stress. 

Fracture and rock mass deformation are major contributors for grout pene

tration into fractures with minute apertures. Fluid pressure applied on the fracture 

walls increases fracture aperture by mechanical deformation. The deformation can 

be expressed in terms of the stiffness of the fracture. The grout can not penetrate 

the freacture before the fluid pressure opens the fracture laege enough. 

6.1.4.2 Grout Pressure Distribution in the Fracture During Grouting 

An analytical solution of pressure distribution in a fracture during grouting has 

been derived. A shape parameter has been introduced to determine the pressure 

distribution, when the fracture opens up, and the profile of the fracture becomes 

wedge-like. The fluid pressure distribution in the wedge-shape fracture differs from 

that when the fracture walls are parallel. Eq. (2.37) can well describe the pressure 

distribution in the fracture during grouting. 

Pressure distribution in such a wedge-like fracture is controlled by the yield 

stress of the grout suspension and by the shape of the fracture. The pressure 

distribution is independent of the viscosity of the grout. For a small fracture with 
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slightly inclined walls, pressure builds up around the inner edge of the fracture if 

the yield stress of the grout is large enough. This build-up pressure may produce 

more fracture opening displacement, and makes grout penetration easier. 

6.1.4.3 Grout Delivery Distance 

The grout penetration distance can be described in terms of yield stress, fracture 

aperture and the shape of the fracture, as given by Eq. (2.46). Because of the shape 

effect, the grout can not be delivered as far as described (Eq. 2.41) for fractures with 

parallel walls. Deeper fracture walls limit the transmitting of the injection pressure. 

The friction between the grout particles, and between the grout particles and the 

fracture walls playa significant role in shortening the grout delivery distance. The 

derived equation (2.46) is more accurate than Eq. (2.41) for predicting the grout 

delivery distance, because the shape of the fracture and the friction of the fluid and 

the fracture walls are considered. One advantage of bentonite grout is the small 

friction between the fracture walls and the grout suspension during injection, which 

may be expected to deliver a longer distance and to penetrate smaller fractures, 

by comparing the cement grouting at the same conditions. 

6.1.4.4 Breakthrough Pressure 

Breakthrough pressure, the minimum injection pressure required to initate grout

ing, is controlled by the yield stress of the grout suspension, the shape of the 

fracture, the ratio of the fracture aperture to the maximum particle size in the 



302 

grout and grout size distribution, the injection hole length, and the stress state 

and stiffness of the rock mass and the rock fracture. The breakthrough pressure is 

also indirectly controlled by the contact and the matching of the asperities of the 

fracture walls. 

Finite element analysis is useful to study the breakthrough pressure, based 

on the fracture layer model. The fracture layer model considers the fracture aper

ture itself as a layer with weak mechanical properties compared with the host 

rock mass. The fracture layer has linear elastic properties so that the fracture 

closure under compression and the fracture opening under fluid pressure applied 

to the fracture are identical. When fracture mechanical deformation under grout 

pressure is larger than the effective aperture required by grout particle size, the 

fracture can accept grout. 

The breakthrough pressure of the grout increases with a decrease of the 

fracture aperture, which confirms the results of model tests (Ran and Daemen, 

1991). The smaller the fracture aperture, the higher the grout pressure required 

to enlarge the aperture to the acceptable value for grout penetration. 

Sample size has a relative small influence on grout breakthrough pressure. 

The fracture produces most of the fracture opening displacement contributing to 

grout penetration. As the sample size ratio (length to diameter) increases from 

1 to 5, the breakthrough pressure only decreases 4 to 8%. If a fracture has a 

very low elastic modulus, the rock deformation makes little contribution to the 

breakthrough pressure. 
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The mechanical properties of the fracture playa significant role in the break

through pressure. The breakthrough pressure decreases with a decrease in equiv

alent elastic modulus of the fracture. The stiffness of the fracture controls the 

deformation of the fracture. If the elasticity of the fracture is about 1/200 to 

1/500 that of the rock mass, the measured breakthrough pressures are in the range 

of the numerical results. 

The breakthrough pressure is required to be up to or larger than 3.45 MPa 

to penetrate fractures with an aperture of 30-50 microns in laboratory conditions. 

This stress level seems very high for field applications. Scale analysis indicates that 

the breakthrough pressure for a fracture in the field with the same aperture should 

be lower. A larger fracture opening displacement can be expected for grouting in 

situ fractures, because fractures in field have lower stiffness, and the in situ rock 

mass has a lower elastic modulus. 

6.2 Research Recommendations 

The following research recommendations are categorized for systematic research 

and to develop bentonite fracture sealing technologies to meet the requirements of 

nuclear waste isolation and environmental restoration. Bentonite grouting may be 

a potential technology to be used for sealing a nuclear waste repository, such as 

Yucca Mountain, located in an unsaturated environment. The categories proposed 

hereaft,er include laboratory fracture grouting tests, field grouting tests, bentonite 

suspension characterization, bentonite grout characterization, and long-term per-
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formance or erosion and wash·out testing. 

6.2.1 Fracture Grouting Tests 

The bentonite fracture sealing tests on densely welded Apache Leap tuff presented 

here only can be considered as a preliminary investigation. They provide consider· 

able insight into several aspects of bentonite slurry grouting on rock fractures, and 

some qualitative and quantitative information about the potential performance of 

such grouts, as well as about problems that may detract from their performance. 

From these tests, the possibility of bentonite fracture sealing, and its effectiveness 

are established. Many aspects that will influence the sealing performance remain 

unresolved. 

6.2.1.1 Laboratory Fracture Grouting Test 

Systematic injection tests on rock samples with natural or artificial fractures should 

be conducted for carefully selected ranges of fracture apertures and ranges of ben· 

tonite concentrations. The current grouting study for natural fracture is only a 

start, only one test having been conducted. The range of fracture apertures should 

be focused on 10 to 100 microns. A more accurate relationship between injec· 

tion pressure and fracture aperture. injection pressure and bentonite concentration 

in suspensions, injection pressure and pressure gradient along the fracture and 

groutability should be developed. The criterion of what fracture aperture a ben· 

tonite suspension can penetrate under reasonable injection pressure should be well 
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. established. 

It is desirable to study sealing performance of various kinds of bentonites 

or bentonite grouts so that a proper grout or grout mix can be developed and 

evaluated. Recently, to meet the requirements of environmental restoration, some 

commercial bentonite grouts have become available, such as BentoGrout, \Vyo

grout, Volclay, Quik-Gel and Benseal-Bentonite Slurry, etc .. All bentonite grouts 

should be carefully studied and evaluated for sealing purposes for nuclear waste iso

lation. A recent study of water well sealing with Volclay shows low bond strength 

(Edil et al., 1992). These authors find that the grout has a stiff gel structure which 

does not adhere to the well casing. The adhesion properties of bentonite to fracture 

walls should be studied. 

In order to provide a solid basis for grouting relations, they should be devel

oped from a fundamental flow mechanics analysis. The complex flow behavior of 

bentonite grouts is likely to make such an analysis difficult. The grout distribution 

in the grouted fracture, especially for different water contents, should be investi

gated. Changes in water (or bentonite solids) content change the flow properties of 

the grouts. To clarify the relation between grout composition and grout flow a fun

damental description of the flow behavior, including breakthrough, propagation, 

and stalling would be desirable. The proper injection pressure should be studied to 

inject grout effectively and safely. Also needed is a study of breakthrough pressure 

to confirm the results of numerical analysis based on the fracture layer model and 

on grouting pressure distribution in the fracture on laboratory scale. 

Bentonite fracture grouting on huge samples with natural fractures may be 
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useful to study the effectiveness of grout penetration and sealing performance. It 

is desirable to study the breakthrough pressure and delivery distance of bentonite 

grout in natural fractures. Such tests can provide valuable and guidance for field 

grouting test. 

Repeat injection of dilute bentonite suspension should be studied for frac

tures in unsaturate environment. Repeat injection can deliver grout to a greater 

distance, and can increase the density of the grout filled in fractures. 

Grouted rock mass tests include testing on an isolated rock block sample 

with various stresses, strains and temperatures to evaluate the thermomechani

cal and hydrological properties of the grouted rock fractures, and the mechanical 

strength of the grouted fracture. 

6.2.1.2 Field Bentonite Fracture Grouting Test 

The purpose of field grouting tests is to provide a better understanding of the per

formance and the emplacement of bentonite suspension. The fracture grouting tests 

are intended to assess the ability of bentonite slurries to penetrate fractures and 

to reduce the overall hydraulic conductivity of the fractured rock mass. The field 

test work focuses on the grout ability of minute fractures, breakthrough pressure, 

injection pressure, grout propagation and delivery distance, grouting equipment 

and emplacement procedures. 
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6.2.2 Erosion and Stability Tests 

Channeling in grouted fractures results from a number of different causes and can 

occur at various stages of grouting, including immediately upon release of the in

jection pressure, within hours or days after grouting, and much later. A typical 

cause of very rapid channeling is backflow of air or water compressed ahead of 

the grout front during grouting. Causes of delayed channeling include release of 

dissolved air, water flow into a fracture, and drying of the grout in fractures. Field 

investigations and observations of such phenomena are likely to be difficult and 

expensive. To maximize the benefit to be gained from eventual field investigations, 

it would be highly desirable to develop a full understanding of the mechanics in

volved by means of laboratory and theoretical analyses. Such an understanding 

also would help considerably in developing field grouts and grouting procedures 

aimed at minimizing detrimental channeling effects. It has been observed, for 

example, as part of this investigation, that the number of channels induced byex

ternal water invasion is larger in grouts with a smaller solids content. A coherent 

rational framework describing the mechanics of invasion should assist in evaluating 

the likely ultimate performance of grout in a fracture. Similarly, grout penetra

tion into a moist fracture appears to be easier than into a dry fracture. This very 

preliminary observation needs to be confirmed experimentally. In order to realize 

fully the benefits of such an investigation, laws governing the behavior should be 

identified. 

It is highly recommended that future work investigate the resistance of ben

tonite barriers to erosion, addressing mechanisms such as base exchange, chan-
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neling, piping and washing out. More research is needed to evaluate the effects of 

chemical interactions with groundwater and host rock on the physical and chemical 

stability and hence on the bentonite longevity. 

Experiments on the flow properties of water in shrunken grout in fractures 

should be continuously tested, to provide an understanding of the influence of 

bentonite swelling and shrinkage on long tenn fracture sealing quality. Of particular 

interest should be a detailed investigation of the response of dried, shrunken grout 

during rewetting. The shrunken grout in a fracture forms interconnected channels 

that provide preferential flowpaths. If the swelling velocity of shrunken bentonite 

is slower than that of the water flow, the water can flow through the bentonite 

barriers when the grouted fracture saturates again. 

6.2.3 Grout Characterization 

The flow properties of bentonite suspensions in a fracture during pressure grouting 

should be studied to identify the mechanisms of grout movement in a fracture, es

pecially how the fracture walls exert resistance to grout flow and how far the grout 

can penetrate under certain injection pressures. At different time stages, a different 

flow model may govern bentonite suspension movement. The calculation of viscos

ity in terms of breakdown kinetic constants and time may have to be improved. 

The influence of the fracture saturation on breakthrough pressure, injection pres

sure and delivery distance should be investigated. The relationship between yield 

stress of a bentonite suspension and breakthrough pressure is recommended for 

future study. 
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Methods to further reduce the hydraulic conductivity may need to be de

veloped. It is also necessary to specify the pore size distribution in the bentonite 

barriers. The microstIUcture of a bentonite suspension emplaced in a fracture and 

its variation with bentonite concentration are not well understood. Studying the 

microstructure is useful to improve the perfonnance of bentonite fracture grouting 

and to understand water movement in a grouted fracture. A new hydraulic conduc

tivity measurement technique may need to be developed for flow testing grouted 

fractures with so Iowa penneability. Such a method should not disturb the grout 

in the fracture, and yet should provide an accurate result. 

Further investigation of the characterization of the flow properties of the 

bentonite grouts would be highly desirable. A few inconsistencies have been ob

served during the experimental work reported on, and some unexplained variations. 

Several problems have been encountered with the test procedures. It appears likely 

that some of these may be due to the development of pronounced heterogeneities 

in the grout as a result of the test procedures. Finally, many results are quite sensi

tive to minor variations in sample preparation and test procedures. Most desirable 

would be the development of a coherent hydromechanical flow theory that can 

provide a rational framework for the interpretation and the design of test methods. 



APPENDIX A 

GROUT PREPARATION AND FLOW PROPERTY 
MEASUREMENTS (Modified from Ran and Daemen, 1991, 

APPENDIX A) 

A.l Objective 
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The purpose of this test procedure is to prepare bentonite grout and to determine 
the consistency or viscosity of bentonite suspensions. 

A.2 Apparatus 

• hydrometer 

• FANN viscometer 

• counter-rotating mixer 

• electric balance 

• timer 

A.3 Sample Specifications 

The test specimen of bentonite slurry should be not less than 350 mI. The water 
used to mix with the bentonite should be deaired and distilled. 

A.4 Test Procedure 

A.4.1 Mixing of Bentonite Slurry 
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• \Veigh (on an electronic balance) the amount of bentonite powder and 
distilled water required to prepare a slurry with the desired bentonite 
concentration. At the same time, put not less than 50 g of bentonite 
powder in an oven at 105°C for at least 3 hours to measure its moisture 
content. 

• Pour tile required amount of distilled water into a multimixing can and 
place on the counter-rotating mixer. 

• Add 4 percent of the required bentonite powder as an initiator, while 
mixing. 

• Slowly add the rest of the bentonite powder while mixing. Set timer for 
5 minutes. 

Mix sample for 5 minutes on counter-rotating mixer at a speed of 12,000-
16.000 rpm. Scrape sides of mixing can after 2 minutes of mixing. 

• Record the mixing speed, as well as the temperature and atmospheric 
pressure of the test room. 

A.4.2 Viscosity Measurement 

After 15 minutes of hydration, determine the viscosity of the slurry. 

• Fill bentonite slurry into a sample cup to the line punched in the cup. 

• Place the cup on the FANN viscometer. The space between the bottom 
of the bob and the bottom of the cup should not be less than 1.27 em. 

• Tum motor on, select 600 rpm speed, read and record the shear stress 
values from the dial, then turn motor off. 

• Tum motor on, select 300 rpm speed, read and record the shear stress 
values from the dial. 

• Measure the density of the grout with hydrometer. 

A.5 Calculation 

• Apparent viscosity is 600 rpm reading divided by 2. Report in centipoises. 
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• Plastic viscosity is 600 rpm reading minus the 300 rpm reading. Report 
in centipoises . 

• Yield point is the 300 rpm reading minus the plastic viscosity. Report in 
pounds per 100 square feet. 

A.6 Examples 

LAB PROCEDURES FOR MIXING VOLCLAY GROUT (20% SOLIDS) 

1. Pour 240 ml of distilled water into a multimixing can and place on the counter
rotating mixer (speed range: 0-20,000 rpm). 

2. Add 2.4 g of Volclay initiator while mixing at lowest speed. 

3. Add 57.6 g Volclay to the can while mixing at lowest speed. Set timer for 5 
minutes. 

4. Mix sample for 5 minutes on multimixer at 14,000 rpm. Scrape sides of 
mixing can after 2 minutes of mixing. 

A.7 Bibliography 

1. American Colloid Company, "Laboratory Methods for Evaluating the Phys
ical Properties of Bentonite," Data No. 251, undated. 

2. American Colloid Company, 1984, "Viscosity - APIC(AV, PV, & YP)," Pro
cedure No. 2005, technical data. 

3. Fann Instrument Corporation, "Operations Instructions - Fann Viscometers," 
undated. 
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APPENDIX B 

FLOW TEST RESULTS FOR FRACTURE GROUTING 
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Figure B.1: Hydraulic conductivity test results, test BRFGT-I, before grouting. 
Each square represents one hydraulic conductivity measurement. 
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Figure B.2: Hydraulic conductivity test results, test BRFGT-2, before grouting. 
Each square represents one hydraulic conductivity measurement. 
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Figure 8.3: Hydraulic conductivity test results, test BRFGT-3, before grouting. 
Each square represents one hydraulic conductivity measurement. 
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Figure BA: Hydraulic conductivity test results, test BRFGT-4, before grouting. 
Each square represents one hydraulic conductivity measurement. 
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Figure B.5: Hydraulic conductivity test results, test BRFGT-5, before grouting. 
Each square represents one hydraulic conductivity measurement. 
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Figure B.6: Hydraulic conductivity test results, test BRFGT-6, before grouting. 
Each square represents one hydraulic conductivity measurement. 
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Figure B.i: Hydraulic conductivity test results, test BRFGT-7, before grouting. 
Each square represents one hydraulic conductivity measurement. 
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Figure B.8: Hydraulic conductivity test results, test BRFGT-8, before grouting. 
Each square represents one hydraulic conductivity measurement. 



321 

8 

BRFGT-9 

- 7 "" -E 
u ->- 6 
.!: 
> ;: 
U 
::::J 5 'C 
C 
0 
0 

~ 4 
::::J 
ca ... 
'C 
>- 3 
:c 

2 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

Time (min) 

Figure 8.9: Hydraulic conductivity test results, test BRFGT-9, before grouting. 
Each square represents one hydraulic conductivity measurement. 
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Figure 8.10: Hydraulic conductivity test results, test BRFGT-IO. before grouting. 
Each square represents one hydraulic conductivity measurement. 
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Figure B.ll: Hydra.ulic conductivity test results, test BRFGT-ll, before grouting. 
Ea.ch squa.re represents one hydra.ulic conductivity measurement. 
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Figure B.12: Hydraulic conductivity test results, test BRFGT-12, before grouting. 
Each square represents one hydraulic conductivity measurement. 
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Figure B.13: Hydraulic conductivity test results, test BRFGT-13, before grouting. 
Each square represents one hydraulic conductivity measurement. 
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Figure B.14: Hydraulic conductivity test results, test BRFGT-14, before grouting. 
Each square represents one hydraulic conductivity measurement. 



Table RIa: Test BRFGT-l, samele AP56a-4-6, flow testing results, before grouting 
Time Inflow Flow Rate Permeability Aperture Pressure 
(Min) (ee) (ee/s) (em/s) (em) gradient 
0.03 5.0000 0.2404E+Ol 0.1135E+Ol 0.1247E-Ol 7.6409 
0.07 5.0000 0.2164E+Ol 0.1066E+Ol 0.1208E-Ol 7.5635 
0.11 5.0000 0.2463E+Ol 0.1170E+Ol 0.1266E-Ol 7.4861 
0.15 5.0000 0.2008E+Ol 0.1028E+01 0.1186E-Ol 7.4087 
0.19 5.0000 0.2049E+Ol 0.1049E+Ol 0.1199E-Ol 7.3313 
0.23 5.0000 0.2041E+Ol 0.1054E+Ol 0.1201E-Ol 7.2539 
0.29 5.0000 0.1466E+Ol 0.8513E+00 0.1080E-Ol 7.1765 
0.32 5.0000 0.2488E+Ol 0.1220E+Ol 0.1292E-Ol 7.0991 
0.38 5.0000 0.1524E+Ol 0.8864E+00 0.1102E-Ol 7.0217 
0.43 5.0000 0.1613E+Ol 0.9272E+00 0.1127E-Ol 6.9443 
0,46 5.0000 0.2347E+Ol 0.1118E+Ol 0.1237E-Ol 7.6409 
0.50 5.0000 0.2500E+Ol 0.1173E+Ol 0.1268E-Ol 7.5635 
0.53 5.0000 0.2326E+Ol 0.1126E+Ol 0.1242E-Ol 7.4861 
0.57 5.0000 0.2032E+Ol 0.1036E+Ol 0.1191E-Ol 7.4087 
0.61 5.0000 0.2164E+Ol 0.1088E+Ol 0.1221E-Ol 7.3313 
0.65 5.0000 0.2101E+Ol 0.1074E+Ol 0.1213E-Ol 7.2539 
0.69 5.0000 0.1961E+Ol 0.1033E+Ol 0.1189E-Ol 7.1765 
0.73 5.0000 0.2016E+Ol 0.1060E+Ol 0.1205E-Ol 7.0991 
0.78 5.0000 0.1678E+Ol 0.9449E+00 0.1137E-Ol 7.0217 
0.83 5.0000 0.1742E+Ol 0.9761E+00 0.1156E-Ol 6.9443 
0.86 5.0000 0.2551E+01 0.1181E+Ol 0.1272E-Ol 7.6409 
0.90 5.0000 0.2660E+Ol 0.1223E+Ol 0.1294E-Ol 7.5635 
0.93 5.0000 0.2439E+Ol 0.1162E+Ol 0.1261E-Ol 7.4861 
0.97 5.0000 0.2273E+Ol 0.1116E+Ol 0.1236E-Ol 7.4087 
1.00 5.0000 0.2427E+Ol 0.1175E+Ol 0.1268E-Ol 7.3313 
1.04 5.0000 0.2183E+Ol 0.1102E+Ol 0.1228E-Ol 7.2539 
1.08 5.0000 0.2016E+Ol 0.1053E+Ol 0.1201E-Ol 7.1765 
1.12 5.0000 0.2000E+Ol 0.1055E+Ol 0.1202E-Ol 7.0991 
1.17 5.0000 0.1754E+Ol 0.9734E+00 0.1154E-Ol 7.0217 
1.22 5.0000 0.1748E+Ol 0.9783E+00 0.1157E-Ol 6.9443 
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Table B.lb: Test BRFGT-l, sample AP56a-4-6, flow testing results, after grouting 
Time Inflow Flow Rate Permeability Pressure 

(h) (ee) (ce/s) (10-8 em/s) gradient 
5.40 5.0000 .2572E-03 3.5729 17.3757 
9.23 .5.0000 .3623E-03 5.2799 16.5443 
12.28 5.0000 .4554E-03 6.9780 15.7129 
14.45 5.0000 .641OE-03 10.3567 14.8816 
17.3.5 5.0000 .4789E-03 8.1825 14.0502 
19.28 5.0000 .7184E-03 13.0221 13.2188 
21.87 5.0000 .5376E-03 10.3784 12.387.5 
24.47 5.0000 .5342E-03 11.0280 11.5561 
26.00 5.0000 .9058E-03 20.0952 10.7247 

Table B.2a: Test BRFGT-2, samEle AP36-1-6, flow testing results, before grouting 
Time Inflow Flow Rate Permeability Aperture Pressure 
(Min) fcc) (cc/s) (em/s) (em) gradient 
0.06 20.2679 0.5224E+07 0.1761E+Ol 0.1553E-Ol 8.4863 
0.13 20.2679 0.5080E+07 0.1771E+Ol 0.1557E-Ol 8.1725 
0.19 20.2679 0.5478E+07 0.1911E+Ol 0.1618E-Ol 7.8588 
0.26 20.2679 0.4791E+07 0.1795E+Ol 0.1568E-Ol 7.5451 
0.34 20.2679 0.4627E+07 0.1803E+Ol 0.1571E-Ol 7.2314 
0..11 20.2679 0.4780E+07 0.1896E+Ol 0.1611E-Ol 6.9176 
0..18 20.2678 0.4454E+07 0.1865E+01 0.1598E-Ol 6.6039 
0.56 20.2678 0.4285E+07 0.1876E+Ol 0.1603E-Ol 6.2902 
0.65 20.2678 0.3990E+07 0.1849E+Ol 0.1591E-01 5.9765 
0.72 20.2678 0.4322E+07 0.2020E+Ol 0.1663E-01 5.6627 
0.88 30.4017 0.3276E+07 0.1952E+Ol 0.1635E-01 4.4078 
1.0·1 30.4017 0.3180E+07 0.2055E+Ol 0.1677E-Ol 3.9373 
1.19 30.4017 0.3378E+07 0.2317E+01 0.1781E-01 3.4667 
1.38 30.4016 0.2644E+07 0.2154E+01 0.1718E-01 2.9961 
1.5.5 30.4017 0.2992E+07 0.2599E+Ol 0.1886E-Ol 'J ~?-~ _.iJ_iJiJ 

1.7.5 30.4016 0.2550E+07 0.2646E+01 0.1903E-01 2.0549 
1.95 30.4016 0.2555E+07 0.3088E+01 0.2056E·01 1.5843 
2.16 30.4016 0.2368E+07 0.3584E+01 0.2215E-01 1.1137 
2.38 20.2675 0.1516E+07 0.3347E+01 0.2141E-Ol 0.8000 
2.62 30..101.5 0.2176E+07 0.6054E+01 0.2879E-Ol 0.329·1 
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38.48 4.0000 .2887E-04 0.3482 18.2306 
95.58 5.0000 .2432E-04 0.3058 17.3929 
111.87 5.0000 .8530E-04 1.1251 16.5553 
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173.32 5.0000 .1050E-03 1.5360 14.8800 
219.28 5.0000 .3022E-04 0.4678 14.0424 
266.35 5.0000 .2951E-04 0.4850 13.2047 
276.48 5.0000 .1371E-03 2.4002 12.3671 
325.28 5.0000 .2846E-04 0.5333 11.5294 
378.88 5.0000 .2591E-04 0.3111 18.2306 
414.02 5.0000 .7673E-04 1.0122 16.5553 
436.92 5.0000 .6065E-04 0.8416 15.7176 
459.42 5.0000 .6173E-04 0.9034 14.8800 
485.22 5.0000 .5383E-04 0.8335 14.0424 
510.87 5.0000 .5415E-04 0.8899 13.2047 
541.32 5.0000 .4561E-04 0.7987 12.3671 
575.68 5.0000 .4041E-04 0.7573 11.5294 
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9.4215 
0.22 20.2678 0.3104E+07 0.1188E+Ol 0.1275E-Ol 9.1137 
0.33 20.2678 0.3085E+07 0.1210E+Ol 0.1287E-Ol 8.8000 
0.44 20.2678 0.2959E+07 0.1205E+01 0.1285E-Ol 8.4863 
0.56 20.2678 0.2933E+07 0.1228E+Ol 0.1297E-Ol 8.1725 
0.68 20.2677 0.2754E+07 0.1208E+Ol 0.1286E-01 7.8588 
0.79 20.2678 0.2989E+01 0.1310E+Ol 0.1340E-Ol 7.5451 
0.92 20.2617 0.2713E+07 0.1263E+Ol 0.1315E-Ol 7.2314 
1.04 20.2677 0.2721E+07 0.1302E+Ol 0.1335E-01 6.9176 
1.17 20.2677 0.2667E+07 0.1325E+Ol 0.1347E-Ol 6.6039 
1.26 20.2678 0.3575E+07 0.1718E+Ol 0.1534E-Ol 5.9765 
1.35 20.2678 0.3767E+07 0.1843E+Ol 0.1589E-Ol 5.6627 
1.45 20.2678 0.3269E+07 0.1740E+Ol 0.1543E-Ol 5.3490 
1.56 20.2678 0.3192E+07 0.1781E+Ol 0.1561E-Ol 5.0353 
1.66 20.2678 0.3550E+07 0.1992E+Ol 0.1652E-Ol 4.7216 
1.i7 20.2678 0.3052E+07 0.1883E+Ol 0.1606E-Ol 4.4078 
1.87 20.2678 0.3137E+07 0.2011E+Ol 0.1660E-Ol 4.0941 
1.99 20.2678 0.3003E+07 0.2056E+Ol 0.1678E-Ol 3.7804 
2.09 20.2678 0.3243E+07 0.2287E+Ol 0.1770E-01 3.4667 
2.22 20.2677 0.2681E+07 0.2140E+Ol 0.1712E-Ol 3.1529 
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2.66 20.2678 0.3581£+07 0.1403£+01 0.1386E-Ol 8.1125 
2.83 40.5356 0.3868E+07 0.1535E+Ol 0.1450E-Ol 7.5451 
2.92 20.2678 0.3753£+07 0.1568E+Ol 0.1465E-Ol 7.2314 
3.02 20.2678 0.3626E+07 0.1577E+Ol 0.1470E-Ol 6.9176 
3.12 20.2678 0.3317E+07 0.1532E+Ol 0.1448E-Ol 6.6039 
3.21 20.2678 0.3507£+07 0.1641£+01 0.1499E-Ol 6.2902 
3.32 20.2678 0.3207E+07 0.1718E+Ol 0.1534E-Ol 5.3490 
3.41 20.2678 0.3600E+07 0.1929E+Ol 0.1625E-Ol 5.0353 
3.51 20.2678 0.3453E+07 0.1956E+Ol 0.1637E-Ol 4.7216 
3.61 20.2678 0.3301E+07 0.1984E+Ol 0.1648E-Ol 4.4078 
3.72 20.2678 0.3238E+07 0.2054E+Ol 0.1677E-Ol 4.0941 
3.82 20.2678 0.3395E+07 0.2231E+Ol 0.1148E-Ol 3.7804 
3.93 20.2618 0.3104E+07 0.2221E+Ol 0.1744E-Ol 3.4667 
4.04 20.2678 0.2925E+07 0.2268£+01 0.1162E-Ol 3.1529 
4.15 20.2678 0.3157E+07 0.2550E+Ol 0.1869E-Ol 2.8392 
4.21 20.2678 0.2780E+07 0.2522E+Ol 0.1858E-Ol 2.5255 

n ow ow te ermea 11ty ressure 

J.~ ~ee) 
.7000 

(ee~) 
.7576 -04 

(10-8 emis} 
2.4274 

~adient 
.9713 

1.62 .3000 .9434E-04 3.0409 6.9214 
4.70 .7000 .6306E-04 2.0574 6.8050 
6.08 .3000 .6024E-04 1.9894 6.7551 
17.45 2.5000 .6109E-04 2.0893 6.3395 
21.73 .8000 .5188E-04 1.8518 6.2064 
29.95 1.6000 .5409E-04 1.9941 5.9404 
53.28 4.2000 .5000E-04 1.5224 7.0045 
71.03 3.1000 .4851E-04 1.6100 6.4891 
93.15 3.5000 ..I396E-04 1.5880 5.9071 
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Ime n ow ow ate ermea Ilty perture ressure 
(Min) (ee) (ee~l (emfs} (emt gradient 
0.05 50.6699 0.1100 +08 0.4204 +01 0.2399 01 7.2314 
0.10 50.6699 0.1540E+08 0.4231E+01 0.2407£..01 6.4471 
0.16 50.6699 0.1452E+08 0.4412E+01 0.2458£..01 5.6627 
0.23 50.6699 0.1326£+08 0.4557£+01 0.2498£..01 4.8784 
0.29 50.6699 0.1431E+08 0.5338E+Ol 0.2703£..01 4.0941 
0.36 50.6699 0.1198E+08 0.5388E+Ol 0.2716£..01 3.3098 
0.42 50.6699 0.1264E+08 0.6544E+Ol 0.2993£..01 2.5255 
0.50 50.6698 0.1114E+08 0.7411E+Ol 0.3186£..01 1.7412 
0.66 50.6697 0.5295E+07 0.6128E+01 0.2897£..01 0.9569 
0.72 50.6699 0.1444E+08 0.3531E+Ol 0.2199£..01 8.0157 
0.78 50.6699 0.1435E+08 0.3755£+01 0.2268£..01 7.2314 
0.83 50.6699 0.1419E+08 0.4007E+Ol 0.2342£..01 6.4471 
0.89 50.6699 0.1411E+08 0.4330E+01 0.2435£..01 5.6627 
0.96 50.6699 0.1320E+08 0.4541E+Ol 0.2494£..01 4.8784 
1.03 50.6699 0.1257E+08 0.4896E+Ol 0.2589£..01 4.0941 
1.10 50.6698 0.1149£+08 0.5240£+01 0.2679£..01 3.3098 
1.18 50.6698 0.1090E+08 0.5929E+Ol 0.2849£..01 2.5255 
1.25 50.6698 0.1094E+08 0.7326E+01 0.3167£..01 1.7412 
1.34 50.6698 0.9782E+07 0.9227E+01 0.3554£..01 0.9569 
1.40 50.6699 0.1499E+08 0.3621E+01 0.2227£..01 8.0157 
1.45 50.6699 0.1473E+08 0.3821E+01 0.2287£..01 7.2314 
1.52 50.6699 0.1333E+08 0.3844E+Ol 0.2294£..01 6.4471 
1.58 50.6699 0.1464E+08 0.4438E+Ol 0.2465£..01 5.6627 
1.64 50.6699 0.1303E+08 0.4502E+Ol 0.2483£..01 4.8784 
1.71 50.6699 0.1248E+08 0.4872E+Ol 0.2583£..01 4.0941 
1.77 50.6699 0.1251E+08 0.5547E+Ol 0.2756£..01 3.3098 
1.85 50.6698 0.1116E+08 0.6024E+Ol 0.2872£..01 2.5255 
1.93 50.6698 0.1076E+08 0.7243£+01 0.3149£..01 1.7412 
2.02 50.6698 0.9471E+07 0.9030E+Ol 0.3516£..01 0.9569 

Ime n ow ow ate ermea Ilty ressure 

Jit (ee) (ee~) (10-8 emis} gradient 
0.2000 .1010 ·03 2.6553 8 . .5010 

3.53 0.3000 .2793£..04 0.7379 8.4511 
6.28 004000 .4040E·04 1.0747 8.3846 
15.97 1.3000 .3729E·04 1.0089 8.1685 
18.68 0.3000 .3068E·04 0.8434 8.1186 
21.02 0.3000 .3571E·04 0.9880 8.0687 
23.78 0.4000 .4016E·04 1.1190 8.0022 
42.50 2.5000 .371OE·04 1.0658 7.5865 
48.58 0.8000 .3653£..04 1.0877 7.4535 
69.10 2.9000 .3926£..04 1.2189 6.9713 
101.78 ~.3000 .3655E-04 1.2372 6.2563 
111.55 1.1000 .3129E·04 1.1363 6.0734 
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lme n ow ow ate ermea llty perture ressure 
{Min} 
0.06 

Jcc) 
5 .6699 

(cc~) 
O.ri64 +08 

(cm~s) 
0.3565 +01 0.Z~09tOI gradient 

8.0157 
0.12 50.6699 0.1355E+08 0.3614E+01 0.2224E-01 7.2314 
0.19 50.6699 0.1260E+08 0.3702E+01 0.2251E-01 6.4471 
0.26 50.6699 0.1212E+08 0.3912E+01 0.2314E-01 5.6627 
0.31 50.6699 0.1460E+08 0.4858E+01 0.2579E-01 4.8784 
0.39 50.6699 0.1173E+08 0.4674E+01 0.2530E-01 4.0941 
0.46 50.6699 0.1181E+08 0.5338E+01 0.2703E-01 3.3098 
0.54 50.6698 0.1043E+08 0.5757E+01 0.2808E-01 2.5255 
0.62 50.6698 0.1007E+08 0.6932E+01 0.3081E-01 1.7412 
0.68 50.6699 0.1419E+08 0.3492E+Ol 0.2187E-Ol 8.0157 
0.74 50.6699 0.1464E+08 0.3806E+Ol 0.2283E-Ol 7.2314 
0.81 50.6699 0.1293E+08 0.3765E+Ol 0.2270£001 6.4471 
0.87 50.6699 0.1273E+08 0.4042E+Ol 0.2353£001 5.6627 
0.94 50.6698 0.1159E+08 0.4166E+Ol 0.2388E-Ol 4.8784 
1.01 50.6699 0.1230E+08 0.4824E+Ol 0.2570£001 4.0941 
1.09 50.6698 0.1087E+08 0.5051E+01 0.2630£001 3.3098 
1.17 50.6698 0.1064E+08 0.5837E+Ol 0.2827E-Ol 2.5255 
1.26 50.6698 0.9280E+07 0.6563E+Ol 0.2998E-Ol 1.7412 
1.34 50.6698 0.1013E+08 0.9447E+Ol 0.3596£001 0.9569 
1.41 50.6699 0.1392E+08 0.3447E+Ol 0.2172£001 8.0157 
1.47 50.6699 0.1348E+08 0.3601E+Ol 0.2220£001 7.2314 
1.53 50.6699 0.1323E+08 0.3824E+Ol 0.2288£001 6.4471 
1.60 50.6699 0.1242E+08 0.3976E+Ol 0.2333£001 5.6627 
1.67 50.6699 0.1221E+08 0.4312E+01 0.2430£001 4.8784 
1.74 50.6699 0.1165E+08 0.4653E+01 0.2524£001 4.0941 
1.82 50.6698 0.1141E+08 0.5217E+01 0.2673£001 3.3098 
1.90 50.6698 0.1032E+08 0.5718E+01 0.2798£001 2.5255 
1.98 50.6698 0.9955E+07 0.6878E+Ol 0.3069E-Ol 1.7412 
2.07 50.6698 0.9130E+07 0.8812E+Ol 0.3474£001 0.9569 

Table B.5b: BRFGT·5. sam Ie AP36·1·6. flow testin results, after grouting 
lme n ow ow te ermea llty ressure 

J~~ (ce) (cc~ (10-8 cmLs} ~adient 
0.0991 .3671 04 1.0513 .8110 

3.92 0.3463 .3038£004 0.8741 7.7528 
16.28 1.2856 .2888E·0·1 0.8458 7.5366 
20.38 0.4952 .3355E·04 1.0023 7.4535 
24.28 0.3955 .2817E·04 0.8499 7.3870 
40.05 1.7817 .3139E·04 0.9711 7.0877 
65.20 3.0708 .3392E·04 1.1119 6.5722 
68.55 0.3961 .3284E·04 1.1246 6.5057 
72.40 0.4955 .3575£00·' 1.2384 6.4226 
87.53 1.7824 .3272E·04 1.1678 6.1233 
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Table B.6a: BRFGT-6, sample AP36-1-6. flow testing results, before grouting 
Time Inflow Flow Rate Permeability Aperture Pressure 
(Min) (ee) (ee/s) (em/s) (em) gradient 
0.08 50.6698 0.1097E+08 0.2940E+Ol 0.2006E-01 8.0157 
0.16 50.6698 0.1071E+08 0.3090E+Ol 0.2057E-01 7.2314 
0.24 50.6698 0.1064E+08 0.3308E+Ol 0.2128E-Ol 6.4471 
0.32 50.6698 0.9916E+07 0.3422E+Ol 0.2165E-01 5.6627 
0.41 50.6698 0.9560E+07 0.3663E+Ol 0.2240E-Ol 4.8784 
0.51 50.6698 0.8662E+07 0.3819E+Ol 0.2287E-Ol 4.0941 
0.61 50.6698 0.8334E+07 0.4231 E+Ol 0.2407E-Ol 3.3098 
0.71 50.6698 0.8094E+07 0.4863E+Ol 0.2580E-Ol 2.5255 
0.83 50.6698 0.7208E+07 0.5546E+Ol 0.2756E-Ol 1.7412 
0.95 50.6698 0.7239E+07 0.7549E+Ol 0.3215E-01 0.9569 
1.02 50.6698 0.1069E+08 0.2891E+Ol 0.1989E-Ol 8.0157 
1.10 .50.6698 0.11.52E+08 0.3242E+Ol 0.2107E-Ol 7.2314 
1.18 50.6698 0.9955E+07 0.3163E+Ol 0.2081E-Ol 6.4471 
1.27 50.6698 0.9858E+07 0.3409E+Ol 0.2160E-Ol 5.6627 
1.36 50.6698 0.9615E+07 0.3677E+Ol 0.2244E-Ol 4.8784 
1.45 50.6698 0.8843E+07 0.3872E+Ol 0.2302E-Ol 4.0941 
1.55 50.6698 0.8459E+07 0.4273E+Ol 0.2419E-Ol 3.3098 
1.66 50.6698 0.7666E+07 0.4690E+Ol 0.2534E-Ol 2.5255 
1.78 50.6698 0.7239E+07 0.5561E+Ol 0.2759E-Ol 1.7412 
1.91 50.6697 0.6606E+07 0.7102E+Ol 0.3118E-Ol 0.9569 
1.98 50.6698 0.1129E+08 0.2997E+Ol 0.2026E-Ol 8.0157 
2.06 50.6698 0.1083E+08 0.3112E+Ol 0.2064E-Ol 7.2314 
2.14 50.6698 0.9896E+07 0.3151 E+Ol 0.2077E-Ol 6.4471 
2.24 50.6698 0.9213E+07 0.3258E+Ol 0.2112E-Ol 5.6627 
2.33 50.6698 0.9113E+07 0.3548E+Ol 0.2204E-Ol 4.8784 
2.43 50.6698 0.8721 E+07 0.3836E+Ol 0.2292E-Ol 4.0941 
2.53 50.6698 0.8005E+07 0.4118E+Ol 0.2375E-Ol 3.3098 
2.66 50.6697 0.6513E+07 0.4207E+Ol 0.2400E-Ol 2.5255 
2.81 50.6697 0.5544E+07 0.4655E+Ol 0.2525E-Ol 1.7412 
2.98 50.6697 0.5082E+07 0.5963E+Ol 0.2857E-Ol 0.9569 
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Table B.6b: BRFGT-6. sam~e AP36-1-6, flow testing results, after grouting 
Time Inflow low Rate Permeability Pressure 
th~ (ee

A 
~ee{:! (10-8 em/s) gradient 

.0· 0.09 9 .2 44 04 0.79648.2682 
2.57 0.1482 .2656E-04 0.7203 8.2433 
6.57 0.3453 .2398E-04 0.6537 8.1851 
18.62 1.0860 .2503E-04 0.6926 8.0022 
26.85 0.6904 .2329E-04 0.6565 7.8858 
42.78 1.5815 .2757E-04 0.7963 7.6198 
66.53 2.6224 .3067E-04 0.9281 7.1791 
70.23 0.3457 .2595E-04 0.8127 7.1209 
76.40 0.7928 .3571E-04 1.1335 6.9879 
94.78 2.0786 .3141E-04 1.0322 6.6387 
99.55 0.5945 .3464E-04 1.1772 6.5390 
114.08 1.6831 .3217E·04 1.1259 6.2563 
116.85 0.2968 .2980E-04 1.0707 6.2064 
123.48 0.7923 .3318E-04 1.2099 6.0734 
141.07 2.0796 .3285E-04 1.2470 5.7242 
147.53 0.6925 .2975E-04 1.1755 5.6078 
165.07 2.0796 .3295E-04 1.3577 5.2587 
188.75 2.6925 .3158E-04 1.4050 4.8064 

results, before outing 
lme n ow ow ate perture ressure 

!Min~ 
0.13 

(ec) 
50.6697 

(CC~) 
0.6334+07 0.1~1itOl gradient 

8.0078 
0.29 50.6697 0.5466E+07 0.1644E-Ol 7.2235 
0.45 50.6697 0.5092E+07 0.1665E-Ol 6.4392 
0.63 50.6696 0.4919E+07 0.1714E-01 5.6549 
0.83 50.6696 0.4047E+07 0.1682E-Ol 4.8706 
1.05 50.6696 0.3977E+07 0.1765E-Ol 4.0863 
1.28 50.6695 0.3581E+07 0.1817E-Ol 3.3020 
1.54 50.6695 0.3225E+07 0.1900E-Ol 2.5176 
1.84 50.6694 0.2886E+07 0.2033E-Ol 1.7333 
2.15 50.6694 0.2715E+07 0.2323E-Ol 0.9490 
2.34 50.6696 0.4496E+07 0.1491E-Ol 8.0078 
2.53 50.6696 0.4287E+07 0.1516E-Ol 7.2235 
2.74 50.6696 0.4160E+07 0.1557E-Ol 6.4392 
2.96 50.6695 0.3830E+07 0.1577E-Ol 5.6549 
3.19 50.6695 0.3672E+07 0.1629E-Ol 4.8706 
3.42 50.6695 0.3632E+07 0.1713E-Ol 4.0863 
3.68 50.6695 0.3248E+07 0.1759E-Ol 3.3020 
3.95 50.6694 0.3080E+07 0.1872E-Ol 2.5176 
4.06 50.6698 0.7917E+07 0.2847E-Ol 1.7333 
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Table B.7a: BRFGT-7, sample AP36-1-6. flow testing results, before grouting. - Continued 
Time Inflow Flow Rate Permeability Aperture Pressure 
(Min) (ee) (ee/s) (em/s) (em) gradient 
4.23 50.6696 OA900E+07 0.5843E+Ol 0.2828E-Ol 0.9490 
4.41 50.6696 0.4649E+07 0.1660E+Ol 0.1508E-Ol 8.0078 
4.60 50.6696 0.4460E+07 0.1724E+Ol 0.1536E-Ol 7.2235 
4.81 50.6696 0.4133E+07 0.1762E+01 0.1553E-01 6.4392 
5.01 50.6696 0.4157E+07 0.1918E+Ol 0.1621E-Ol 5.6549 
5.22 50.6696 0.3962E+07 0.2038E+Ol 0.1671E-Ol 4.8706 
5.47 50.6695 0.3492E+07 0.2087E+Ol 0.1690E-Ol 4.0863 
5.71 50.6695 0.3454E+07 0.2355E+Ol 0.1796E-Ol 3.3020 
5.97 50.6695 0.3203E+07 0.2626E+Ol 0.1896E-Ol 2.5176 
6.26 50.6694 0.2998E+07 0.3098E+Ol 0.2059E-Ol 1. 7333 
6.54 50.6694 0.2924E+07 OAI41E+Ol 0.2381E·Ol 0.9490 

Table B.7b: BRFGT·7, samEle AP36-1-6. flow testing results, after grouting 
Time Inflow Flow Rate Permeability Pressure 
(h) (ee) (ee/s) (10-8 em/s) gradient 
1.67 0.1000 .1667E-04 0.4197 8.8835 
4.88 0.3000 .2591E-04 0.6548 8.8336 
8.40 0.3000 .2370E-04 0.6023 8.7837 
23.28 1.3000 .2426E-04 0.6262 8.5675 
27.62 0..1000 .2564E-04 0.6727 8.5010 
54.97 2.6000 .2641E·04 0.7137 8.0687 
76.55 2.2000 .2831E-04 0.8039 7.7029 
94.32 1.8000 .2814E-04 0.8342 7.4036 
102.13 0.8000 .2843E-04 0.8676 7.2706 
119.00 2.0000 .3294E-04 1.0381 6.9380 
126.53 0.5000 .1844E-04 0.5986 6.8549 
142.63 1.7000 .2933E·04 0.9782 6.5722 
147.45 0.5000 .2884E-04 0.9886 6.4891 
168.63 2.3000 .3016E-04 1.0723 6.1067 
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Table B.8a: BRFGT-8, sample AP36-1-6, flow testing results, before grouting 
Time Inflow Flow Rate Permeability Aperture Pressure 
(Min) (ee) (eels) (em/s) (em) gradient 
0.09 50.6698 0.9670E+07 0.2705E+01 0.1925E-01 8.0078 
0.17 50.6698 0.9782E+07 0.29l0E+01 0.1996B-01 7.2235 
0.26 50.6698 0.9297E+07 0.3025E+Ol 0.2035E-Ol 6.4392 
0.36 50.6698 0.8676E+07 0.3l33E+Ol 0.2071E-Ol 5.6549 
0.47 50.6698 0.8l33E+07 0.3292E+Ol 0.2l23E-01 4.8706 
0.57 50.6698 0.7795E+07 0.3564E+Ol 0.2209E-Ol 4.0863 
0.69 50.6698 0.7333E+07 0.3890E+Ol 0.2308E-Ol 3.3020 
0.81 50.6698 0.7127E+07 0.4475E+Ol 0.2475E-Ol 2.5176 
0.95 50.6697 0.6134E+07 0.4993E+01 0.26l5E-01 1.7333 
1.08 50.6697 0.6334E+07 0.6933E+Ol 0.308lE-01 0.9490 
1.17 50.6698 0.9524E+07 0.2678E+Ol 0.19l5E-01 8.0078 
1.26 50.6698 0.9229E+07 0.2800E+Ol 0.1958E-01 7.2235 
1.35 50.6698 0.8827E+07 0.2922E+01 0.2000E-Ol 6.4392 
1.45 50.6698 0.8936E+07 0.3195E+Ol 0.2092E-01 5.6549 
1.56 50.6698 0.7856E+07 0.3217E+01 0.2099E-Ol 4.8706 
1.67 50.6698 0.7597E+07 0.3503E+01 0.2190E-Ol 4.0863 
1.78 50.6698 0.7270E+07 0.3868E+Ol 0.2301E-Ol 3.3020 
1.91 50.6698 0.6932E+07 0.4393E+01 0.2453E-Ol 2.5176 
2.04 50.6697 0.6455E+07 0.5165E+Ol 0.2659E-01 1.7333 
2.18 50.6697 0.5996E+07 0.6684E+Ol 0.3025E-Ol 0.9490 
2.27 50.6698 0.9032E+07 0.2585E+Ol 0.1881E-Ol 8.0078 
2.36 50.6698 0.96l5E+07 0.2877E+01 0.1985E-01 7.2235 
2.46 50.6698 0.8617E+07 0.2875E+01 0.1984E-01 6.4392 
2.55 50.6698 0.8706E+07 0.3140E+Ol 0.2074E-01 5.6549 
2.66 50.6698 0.7712E+07 0.3178E+01 0.2086E-Ol 4.8706 
2.77 50.6698 0.7666E+07 0.3524E+Ol 0.2197E-Ol 4.0863 
2.89 50.6698 0.7430E+07 0.3924E+Ol 0.2318E·Ol 3.3020 
3.01 50.6698 0.6941 E+07 0.4397E+Ol 0.2454E-01 2.5176 
3.14 50.6697 0.6334E+07 0.5100E+01 0.2643E-01 1.7333 
3.28 50.6697 0.60,54E+07 0.6727E+Ol 0.3035E-Ol 0.9490 
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Table B.8b: BRFGT-8, sample AP36-l-6, flow testing results, after grouting 
Time Inflow Flow Rate Permeability Pressure 

(h) (ee) (ee/s) (10-8 em/s) gradient 
1.30 0.1000 .2137E-04 0.5122 9.3324 
2.63 0.1000 .2083E-04 0.5003 9.3158 
4.70 0.1000 .1344E-04 0.3233 9.2991 
9.10 004000 .2525E-04 0.6102 9.2326 
20.38 0.8000 .1969E-04 0.4811 9.0996 
31.37 0.9000 .2276E-04 0.5647 8.9500 
47.42 1.4000 .2423E-04 0.6142 8.7172 
50.18 0.2500 .2510E-04 0.6463 8.6756 
68.88 1.7500 .2600E-04 0.6823 8.3846 
72.40 0.3500 .2765E-04 0.7408 8.3264 
76042 0.3750 .2593E-04 0.7000 8.2641 
92.27 2.3250 .4075E-04 1.1304 7.8775 
99.60 0.0000 .OOOOE+OO 0.0000 7.8775 
116.65 1.8000 .2933E-04 0.8497 7.5782 

Table B.9a: BRFGT-9, sample AP36-1-6, flow testing results% before grouting 
Time Inflow Flow Rate Permeability Aperture Pressure 
(Min) (ee) (ee/s) (em/s) (em) gradient 
0.08 50.6698 0.1074E+08 0.2899E+Ol 0.1992E-Ol 8.0157 
0.16 50.6698 0.9896E+07 0.2931E+Ol 0.2003E-Ol 7.2314 
0.25 50.6698 0.1020E+08 0.3214E+Ol 0.2098E-Ol 6.4471 
0.34 50.6698 0.9401E+07 0.3302E+Ol 0.2126E-Ol 5.6627 
0.43 50.6698 0.9016E+07 0.3523E+01 0.2196E-01 4.8784 
054 50.6698 0.7954E+07 0.3608E+Ol 0.2223E-Ol 4.0941 
0.65 50.6698 0.7585E+07 0.3973E+01 0.2332E-Ol 3.3098 
0.76 50.6698 0.7807E+07 0.4747E+Ol 0.2549E-Ol 2.5255 
0.88 50.6697 0.6702E+07 0.5283E+Ol 0.2690E-Ol 1.7412 
1.01 50.6697 0.6765E+07 0.7216E+01 0.3143E-Ol 0.9569 
1.09 50.6698 0.1045E+08 0.2847E+Ol 0.1974E-Ol 8.0157 
1.17 50.6698 0.1009E+08 0.2970E+Ol 0.2016E-01 7.2314 
1.26 50.6698 0.1003E+08 0.3180E+Ol 0.2087E-Ol 6.4471 
1.34 50.6698 0.9820E+07 0.3400E+Ol 0.2158E-Ol 5.6627 
1.44 50.6698 0.8545E+07 0.3399E+Ol 0.2157E-Ol 4.8784 
1.54 50.6698 0.8473E+07 0.3763E+Ol 0.2270E-Ol 4.0941 
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Table B.9a: BRFGT·9. sample AP36·1-6. flow testing results. before grouting. - Continued 
Time Inflow Flow Rate Permeability Aperture Pressure 
(Min) (ee) (eels) (em/s) (em) gradient 
1.65 50.6698 0.7748E+07 0.4030E+01 0.2349E-Ol 3.3098 
1.75 50.6698 0.8120E+07 0.4873E+01 0.2583E.Ol 2.5255 
1.88 50.6697 0.6847E+07 0.5359E+01 0.2709E·Ol 1.7412 
2.01 50.6697 0.6463E+07 0.6999E+Ol 0.3096E-Ol 0.9569 
2.08 50.6698 0.1085E+08 0.2919E+Ol 0.1999E·Ol 8.0157 
2.17 50.6698 0.9916E+07 0.2935E+Ol 0.2005E-Ol 7.2314 
2.26 50.6698 0.9670E+07 0.3103E+Ol 0.2061E-Ol 6.4471 
2.35 50.6698 0.9081E+07 0.3227E+Ol 0.2102E-Ol 5.6627 
2.45 50.6698 0.8812E+07 0.3470E+Ol 0.2180E-Ol 4.8784 
2.55 50.6698 0.8081E+07 0.3646E+Ol 0.2234E-Ol 4.0941 
2.66 50.6698 0.8056E+07 0.4136E+Ol 0.2380E-Ol 3.3098 
2.78 50.6697 0.6641E+07 0.4262E+Ol 0.2416E-Ol 2.5255 
2.90 50.6698 0.7228E+07 0.5556E+Ol 0.2758E·Ol 1.7412 
3.02 50.6698 0.6922E+07 0.7327E+Ol 0.3167E-Ol 0.9569 

Table B.9b: BRFGT-9. sample AP36-1-6. flow testing results. after grouting 
Time Inflow Flow Rate Permeability Pressure 
(h) (ee) (eels) (10-8 em/s) gradient 
1.67 0.1500 .2500E-04 0.5720 9.7730 
4.80 0.4500 .3989E-04 0.9175 9.6982 
17.18 1.3000 .2916E-04 0.6808 9.4820 
19.17 0.2000 .2801 E-04 0.6626 9.4488 
21.65 0.2000 .2237E-04 0.5311 9..1155 
24.60 0.3000 .2825E-04 0.6735 9.3656 
41.58 1.6750 .2740E-04 0.6648 9.0871 
46.05 0.4000 .2488E-04 0.6152 9.0206 
50.93 0.4250 .2418E-04 0.6024 8.9500 
53.95 0.3000 .2762E-04 0.6930 8.9001 
66.25 1.1750 .2654E-04 0.6750 8.7047 
70.65 1.2050 .7607E-04 1.9795 8.5043 
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lme n ow ow ate ermea llty perture ressure 
{Min} 
0.66 

Jee) 
5 .6686 

(ee~) 
O.l27r +07 

(emfs} 
0.6991 +00 0.9~84i02 ssadient 

.0157 
1.35 50.6686 0.1223E+07 0.7270E+00 0.9977E-02 7.2314 
2.09 50.6685 0.1154£+07 0.7519£+00 0.1015E-Ol 6.4471 
2.86 50.6684 0.1099E+07 0.7895E+00 0.1040E-Ol 5.6627 
3.17 20.2674 0.1070E+07 0.8261E+00 0.1064E-Ol 5.3490 
3.52 20.2673 0.9707E+06 0.8052£+00 0.1050E-01 5.0353 
3.83 20.2674 0.1071E+07 0.8964E+00 0.1108E-Ol 4.7216 
4.18 20.2673 0.9697E+06 0.8769E+00 0.1096E-01 4.4078 
4.58 20.2672 0.8505E+06 0.8425E+00 0.1074E-Ol 4.0941 
4.92 20.2673 0.1004E+07 0.9903E+00 0.1164E-Ol 3.7804 
5.32 30.4012 0.1263E+07 0.1462E+Ol 0.1415E-Ol 2.5255 
5.54 20.2676 0.1546E+07 0.1853E+Ol 0.1593E-Ol 2.2118 
5.95 20.2672 0.8255E+06 0.1341E+Ol 0.1355E-Ol 1.8980 
6.39 20.2671 0.7568E+06 0.1413E+Ol 0.1391E-Ol 1.5843 
6.83 20.2671 0.7759E+06 0.1640E+Ol 0.1499E-Ol 1.2706 
7.34 20.2669 0.6580E+06 0.1734E+Ol 0.1541£.01 0.9569 
7.84 20.2670 0.6819E+06 0.2214E+Ol 0.1741£.01 0.6431 
8.33 20.2670 0.6875E+06 0.3102E+Ol 0.2061E-Ol 0.3294 
9.42 20.2658 0.3090E+06 0.3632E+Ol 0.2230E-Ol 0.0157 
9.81 20.2672 0.8621£+06 0.8947E+00 0.1107E-Ol 3.7804 
10.17 20.2673 0.9542E+06 0.1012E+Ol 0.11nE-01 3.4667 
10.56 20.2672 0.8672E+06 0.1008E+Ol 0.1175£.01 3.1529 
10.96 20.2672 0.8310£+06 0.1047E+Ol 0.1198E-Ol 2.8392 
11.38 20.2671 0.8011E+06 0.1100E+Ol 0.1227E-Ol 2.5255 
11.81 20.2671 0.7849E+06 0.1179E+Ol 0.1271E-01 2.2118 
12.28 20.2671 0.7303E+06 0.1236E+01 0.1301E-01 1.8980 
12.74 20.2670 0.7282E+06 0.1377E+Ol 0.1373E-Ol 1.5843 
13.20 20.2670 0.7272E+06 0.1571E+Ol 0.1467£.01 1.2706 
13.70 20.2670 0.6774E+06 0.1768E+Ol 0.1556E-Ol 0.9569 

results after grouting 
n ow ow ate ressure 
(ee) (ee~) sgadient 

0.3000 .2183 04 .7172 
5.73 0.1000 . 147.5E-04 8.7005 
16.97 0.9000 .2226E-04 8.5509 
19.28 0.2000 .2398E-04 8.5176 
20.70 0.1000 .1961E-04 8.5010 
23.25 0.2500 .2723E-04 8.4595 
25.02 0.1500 .2358E-04 8.4345 
39.92 1.4000 .2610E-04 8.2017 
43.52 0.3000 .2315E-04 8.1518 
47.82 OAOOO .2584£-04 8.0853 
50.12 0.2000 .2415E-04 8.0521 
53.80 0.3750 .2828E-04 7.9897 
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Table B.11: bRFGT-11. sam~le AP36-1-6. flow testing results l before grouting 
Time Inflow Flow Rate Permeability Aperture Pressure 
(Min) (ee) (ee/s) (em/s) (em) gradient 
0.65 50.6687 0.1295E+07 0.7076E+00 0.9843E-02 8.0157 
1.35 50.6686 0.1204E+07 0.7195E+00 0.9926E-02 7.2314 
2.02 50.6686 0.1265E+07 0.7995E+00 0.1046E-01 6.4471 
2.79 50.6684 0.1101E+07 0.7907E+00 0.1041E-Ol 5.6627 
3.60 50.6683 0.1035E+07 0.8319E+00 0.1067E-01 4.8784 
4.46 50.6682 0.9838E+06 0.8957E+00 0.1107E-Ol 4.0941 
5.37 50.6681 0.9329E+06 0.9827E+00 0.1160E-Ol 3.3098 
6.35 50.6680 0.8560E+06 0.1087E+Ol 0.1220E-01 2.5255 
7.43 50.6678 0.7881E+06 0.1268E+Ol 0.1318E-Ol 1.7412 
8.57 50.6676 0.7354E+06 0.1644E+Ol 0.1500E-Ol 0.9569 
8.80 20.2675 0.1483E+07 0.7604E+00 0.1020E-01 8.4863 
9.02 20.2675 0.1527E+07 0.7949E+00 0.1043E-Ol 8.1725 
9.26 20.2675 0.1413E+07 0.7744E+00 0.1030E-01 7.8588 
9.56 20.2674 0.1144E+07 0.6907E+00 0.9725E-02 7.5451 
9.80 20.2675 0.1410E+07 0.8166E+00 0.1057E-Ol 7.2314 
10.05 20.2675 0.1359E+07 0.8201E+00 0.1060E-Ol 6.9176 
10.32 20.2674 0.1214E+07 0.7841E+00 0.1036E-Ol 6.6039 
10.61 20.2674 0.1179E+07 0.7935E+00 0.1042E-Ol 6.2902 
10.90 20.2674 0.1152E+07 0.8076E+00 0.1052E-Ol 5.9765 
11.26 25.3343 0.1200E+07 0.8633E+00 0.1087E-01 5.5843 
11.57 20.2674 0.1077E+07 0.9861E+00 0.1162E-Ol 4.0941 
11.90 20.2673 0.1015E+07 0.9979E+00 0.1169E-Ol 3.7804 
12.22 20.2673 0.1053E+07 0.1081E+Ol 0.1217E-Ol 3.4667 
12.57 20.2673 0.9702E+06 0.1087E+Ol 0.1220E-Ol 3.1529 
12.93 20.2673 0.9471E+06 0.1143E+Ol 0.1251E-Ol 2.8392 
13.29 20.2673 0.9229E+06 0.1209E+Ol 0.1287E-Ol 2.5255 
13.67 20.2672 0.8885E+06 0.1281E+Ol 0.1324E-Ol 2.2118 
14.06 20.2672 0.8751E+06 0.1394E+Ol 0.1382E-Ol 1.8980 
14.45 20.2672 0.8566E+06 0.1535E+Ol 0.1450E·Ol 1.5843 
14.88 20.2671 0.7935E+06 0.1665E+Ol 0.151OE-Ol 1.2706 
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Table B.12a: RRFGT-12, samele AP30-1-6, flow testing results: before grouting 
Time Inflow Flow Rate Permeability Aperture Pressure 
(Min) (ee) (ee/s) (em/s) (em) gradient 
0.30 50.6694 0.2824E+07 0.1190E+Ol 0.1277E-01 8.0157 
0.60 50.6694 0.2784E+07 0.1258E+Ol 0.1313E-01 7.2314 
0.92 50.6693 0.2654E+07 0.1310E+01 0.1339E-01 6.4471 
1.26 50.6693 0.2522E+07 0.1374E+01 0.1371E-01 5.6627 
1.62 50.6693 0.2341E+07 0.1434E+01 0.1401£-01 4.8784 
2.00 50.6692 0.2221E+07 0.1541E+Ol 0.1453£-01 4.0941 
2.39 50.6692 0.2155E+07 0.1717E+Ol 0.1533E-Ol 3.3098 
2.81 50.6691 0.2016E+07 0.1925E+01 0.1624E-Ol 2.5255 
3.28 50.6690 0.1802E+07 0.2201E+Ol 0.1736E-01 1.7412 
3.76 50.6690 0.1735E+07 0.2912E+01 0.1997E-01 0.9569 
4.03 50.6694 0.3112E+07 0.1270E+Ol 0.1319E-01 8.0157 
4.31 50.6694 0.3051E+07 0.1337E+Ol 0.1353E-01 7.2314 
4.62 50.6694 0.2752E+07 0.1342E+01 0.1356E-Ol 6.4471 
4.95 50.6693 0.2558E+07 0.1387E+01 0.1378E-01 5.6627 
5.27 50.6693 0.2628E+07 0.1549E+01 0.1456E-01 4.8784 
5.62 50.6693 0.2390E+07 0.1619E+01 0.1489E-Ol 4.0941 
6.02 50.6692 0.2134E+07 0.1706E+01 0.1528E-Ol 3.3098 
6.41 50.6692 0.2165E+07 0.2019E+Ol 0.1663E-Ol 2.5255 
6.84 50.6691 0.1958E+07 0.2326E+Ol 0.1785E-Ol 1.7412 
7.31 50.6690 0.1813E+07 0.2999E+Ol 0.2026E-Ol 0.9569 
7.57 50.6695 0.3179E+07 0.1288E+Ol 0.1328E-Ol 8.0157 
7.85 50.6694 0.2981E+07 0.1317E+01 0.1343E-Ol 7.2314 
8.12 50.6694 0.3120E+07 0.1460E+01 0.1414E-Ol 6.4471 
8.44 50.6693 0.2663E+07 0.1424E+01 0.1396E-Ol 5.6627 
8.76 50.6693 0.2664E+07 0.1563E+01 0.1463E-01 4.8784 
9.10 50.6693 0.2454E+1)7 0.1647E+Ol 0.1502E-Ol 4.0941 
9.46 50.6693 0.2362E+07 0.1825E+Ol 0.1581E-Ol 3.3098 
9.85 50.6692 0.2192E+07 0.2035E+01 0.1669E-01 2.5255 
10.26 50.6691 0.2027E+07 0.2380E+Ol 0.1805E-Ol 1.7412 
10.70 50.6691 0.1926E+07 0.3123E+Ol 0.2068E-Ol 0.9569 



342 

Table B.12b: BRFGT-12, samEle AP30-1-6. flow testing results! after grouting 
Time Inflow Flow Rate Permeability Pressure 
(h) (ee) (ee/s) (10-8 em/s) gradient 
1.13 0.1000 .2451E-04 .6011 9.4008 
2.50 0.2000 A065E-04 .9996 9.3675 
6.27 0.3000 .2212E-04 .5464 9.3176 
16.92 0.8000 .2087E-04 .5205 9.1846 
21.05 0.2000 .1344E-04 .3383 9.1514 
25.13 0.2500 .1701E-04 .4298 9.1098 
28.40 0.1500 .1276E-04 .3235 9.0849 
42.83 0.8000 .1540E-04 .3940 8.9518 
45.10 0.1000 .1225E-04 .3162 8.9352 
53.17 0.3750 .1291E-04 .3347 8.8729 
65.88 0.5250 .1 147E-04 .2997 8.7856 
70.38 0.1250 .7716E-05 .2029 8.7648 
73.82 0.1500 .l214E-04 .3200 8.7398 
90.52 0.6250 .1040E-04 .2761 8.6359 
97.43 0.2000 .8032E-05 .2150 8.6027 
114.40 0.6000 .9823E-05 .2650 8.5029 
121.52 0.2000 .7806E-05 .2123 8.4696 
138.33 0.6000 .9911E-05 .2716 8.3699 
145.00 0.2000 .8333E-05 .2302 8.3366 
161.27 0.5000 .8538E-05 .2375 8.2535 
169.33 0.2000 .6887E-05 .1929 8.2202 
193.58 0.8000 .9164E-05 .2593 8.0872 
235.88 1.3000 .8537E-05 .2469 7.8711 
266.00 0.7500 .6918E-05 .2044 7.7464 
290.18 0.5500 .6317E-05 .1893 7.6549 
313.25 0.6000 .7225E-05 .2192 7.5551 
333.42 0.5500 .7576E-05 .2328 7.4637 
367.82 0.8500 .6864E-05 .2142 7.3224 
390.17 0.5000 .6214E-05 .1970 7.2392 
428.42 0.9000 .6.i36E-05 .2105 7.0896 
497.00 1.5000 .607.5E-05 .2013 6.8402 
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Table B.13a: BRFGT-13. sample AP30-1-6. flow testing results. before grouting 
Time Inflow Flow Rate Permeability Aperture Pressure 
(Min) (ee) (eels) (em/s) (em) gradient 
0.32 4.9993 0.2594E+00 0.1801E+00 0.4966E-02 12.6996 
0.68 4.9993 0.2342E+00 0.1758E+00 0.4906E-02 11.8620 
1.06 4.9992 0.2149E+00 0.li40E+00 0.4881E-02 11.0243 
1.49 4.9991 0.1938E+00 0.1709E+00 0.4837E-02 10.1867 
1.97 4.9990 0.1738E+00 0.1679E+00 0.4794E-02 9.3490 
1.53 4.9989 0.1491E+00 0.1609E+00 0.4693E-02 8.5114 
3.20 4.9986 0.1243E+00 0.1522E+00 0.4565E-02 7.6737 
4.01 4.9983 0.1031E+00 0.1445E+00 0.4449£-02 6.8361 
5.01 4.9979 0.8312E-01 0.1358E+00 0.4313£-02 5.9984 
6.31 4.9973 0.6427E-Ol 0.1256E+00 0.4147E-02 5.1608 
6.65 4.9993 0.2475E+00 0.1745E+00 0.4889E-02 12.6996 
7.40 9.9985 0.2207E+00 0.1729E+00 0.4866£-02 11.0243 
7.83 4.9991 0.1918E+00 0.1697E+00 0.4820E-02 10.1867 
8.32 4.9990 0.1733E+00 0.1675E+00 0.4789E-02 9.3490 
8.86 4.9989 0.1517E+00 0.1628E+00 0.4721E-02 8.5114 
9.49 4.9987 0.1325E+00 0.1588E+00 0.4662E-02 7.6737 
10.24 4.9985 O.l1l1E+OO 0.1519E+00 0.4561£-02 6.8361 
11.18 4.9981 0.8920E-Ol 0.1424E+00 0.4415E-02 5.9984 
12.34 4.9976 0.7147E-Ol 0.1348E+00 0.4297£-02 5.1608 
12.67 4.9993 0.2536E+00 0.1774E+00 0.4929E-02 12.6996 
13.03 4.9993 0.2350E+00 0.1 762E+00 0.4912E-02 11.8620 
13.41 4.9992 0.2171 E+OO 0.1 752E+00 0.4898E-02 11.0243 
13.84 4.9991 0.1947E+00 0.1 714E+00 0.4844E-02 10.1867 
14.32 4.9990 0.1723E+00 0.1669E+00 0.4780E-02 9.3490 
14.84 4.9989 0.1593E+00 0.1681E+00 0.4798E-02 8.5114 
15.45 4.9988 0.1375E+00 0.1628E+00 0.4721E-02 7.6737 
16.17 4.9985 0.1155E+00 0.1558E+00 0..1619E-02 6.8361 
17.06 4.9982 0.9365E-Ol 0.1471E+00 0.4488E-02 5.9984 
18.14 4.9978 0.7689E-Ol 0.1416E+00 0.4403E-02 5.1608 
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Table B.13b: BRFGT·13, sample AP30·1·6. flow testing results, after grouting 
Time Inflow Flow Rate Permeability Pressure 
(h) (ee) (eels) (10-8 em/s) gradient 

20.37 0.4500 .6137E·05 .1062 13.2999 
31.38 0.2500 .6304E·05 .1095 13.2584 
44.98 0.4000 .8170E-05 .1426 13.1918 
54.93 0.3000 .837SE-05 .1468 13.1420 
70.62 004000 .7085E-05 .1247 13.0755 
S1.12 0.2000 .5291E·05 .0935 13.0422 
102.73 0.6000 .7710E·05 .1369 12.9424 
116.1S 0.3000 .6196E-05 .1l07 12.8925 
125.45 0.3000 .8993E-05 .1613 12.S427 
143.00 004000 .6331E·05 .1141 12.7762 
149.42 0.1750 .7576E-05 .1370 12.7471 
166.50 0.4250 .6911E·05 .1254 12.6764 
196.65 0.7000 .6449E-05 .1l79 12.5600 
222.30 0.7000 .7581E-05 .1399 12.4436 
237.27 0.4500 .8352E-05 .1553 12.3688 
261.27 0.4500 .5208E·05 .0975 12.2940 
293.43 0.7000 .6045E-05 .1140 12.1776 
308.37 0.4000 .7440E-05 .1414 12.1111 
317.12 0.2000 .6349E-05 .1211 12.0778 
341.53 0.6000 .6826E-05 .1310 11.9780 
357.92 0.4000 .6782E-05 .1310 11.9115 
412.32 1.2200 .6230E-05 .1217 11.7087 
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Table B.14a: BRFGT-14. sample AP30-1-6, flow testing results, before grouting 
Time Inflow Flow Rate Permeability Aperture Pressure 
(Min) (ee) (ee/s) (em/s) (em) gradient 
0.71 4.9985 0.1174E+00 0.1062E+00 0.3813£-02 12.6996 
1.51 4.9984 0.1045E+00 0.1027E+00 0.3749£-02 11.8620 
2.41 4.9982 0.9264E-Ol 0.9930E-Ol 0.3687E-02 11.0243 
3.40 4.9980 0.8368E-Ol 0.9761E-Ol 0.3656E-02 10.1867 
4.52 4.9971 0.7430£-01 0.9526£-01 0.3612E-02 9.3490 
5.79 4.9974 0.6564E-Ol 0.9311£-01 0.3571E-02 8.5114 
7.16 4.9972 0.6082E-Ol 0.9449£-01 0.3597E-02 7.6737 
8.73 4.9968 0.5308E-Ol 0.9282£-01 0.3565E-02 6.8361 
10.61 4.9961 0.4432E-Ol 0.8933£-01 0.3497E-02 5.9984 
12.81 4.9955 0.3774E-Ol 0.8809£-01 0.3473E-02 5.1608 
13.10 1.9994 0.1154E+00 0.1036E+00 0.3767E-02 13.2022 
13.40 1.9994 0.11-11E+00 0.1046E+00 0.3785£-02 12.8671 
13.69 1.9994 0.1130E+00 0.1057E+00 0.3805E-02 12.5321 
14.00 1.9994 0.1069E+00 0.1038E+00 0.3769E-02 12.1970 
14.32 1.9994 0.1056E+00 0.1048E+00 0.3788E-02 11.8620 
14.65 1.9993 0.9937£-01 0.1026E+00 0.3747£-02 11.5269 
14.99 1.9993 0.9907E-Ol 0.1044E+00 0.3780£-02 11.1918 
15.33 1.9993 0.9767£001 0.1055E+00 0.3800£002 10.8568 
15.70 1.9992 0.8945E-Ol 0.1015E+00 0.3728£002 10.5217 
16.08 1.9992 0.8913E-Ol 0.1035E+00 0.3764£002 10.1867 
16.36 1.9994 0.1167E+00 0.1044E+00 0.3781E-02 13.2022 
16.51 1.9997 0.2325E+00 0.1682E+00 0.4798£002 12.8671 
16.72 1.9996 0.1523E+00 0.1290E+00 0.4203£002 12.5321 
16.95 1.9995 0.1484E+00 0.1291E+00 0.4205£002 12.1970 
17.25 1.9994 0.1119E+00 0.1089E+00 0.3862£002 11.8620 
17.56 1.9994 0.1052E+00 0.1066E+00 0.3820£002 11.5269 
17.89 1.9993 0.1022E+00 0.1066E+00 0.3820£002 11.1918 
18.22 1.9993 0.10IOE+00 0.1078E+00 0.3842E-02 10.8568 
18.56 1.9993 0.9672E·Ol 0.1069E+00 0.3827E-02 10.5217 
19.30 1.9985 0.451r>E·Ol 0.6:)7·IE·Ol 0.3000E·02 10.1867 



Table B.14b: BRFGT-14. samEle AP30-1-6. flow testing results. after grouting 
Time Inflow Flow Rate Permeability Pressure 
(h) (ee) (eels) (l0-8 em/s) gradient 

18.73 .3000 .4448E-05 .0788 13.0080 
42.83 .4000 .461OE-05 .0820 12.9415 
53.78 .2000 .5074E-05 .0906 12.9082 
67.93 .3000 .5889E-05 .1055 12.8584 
76.48 .1000 .3249E-05 .0583 12.8417 
92.77 .3000 .5118E-05 .0921 12.7918 
100.43 .1000 .3623£-05 .0654 12.7752 
140.25 .8000 .5581 £-05 .1013 12.6422 
163.67 .4000 .4745£-05 .0868 12.5757 
188.78 .4500 .4977E-05 .0916 12.5009 
211.83 .4500 .5423E-05 .1004 12.4260 
245.38 .5000 .4140E-05 .0771 12.3429 
294.27 .8000 .4546E-05 .0854 12.2099 
315.32 .5000 .6598£-05 .1251 12.1267 
340.47 .4000 .4418E-05 .0843 12.0602 
364.33 .5000 .5819£-05 .1117 11.9711 
381.68 .3000 .4803E-05 .0927 11.9272 
388.83 .1000 .3885£-05 .0752 11.9106 
412.72 .4000 .4652£-05 .0904 11.8441 
434.03 .5000 .6516£-05 .1274 11.7609 
458.45 .4000 .4551 E-05 .0895 11.6944 
486.40 .5000 .4969E-05 .0984 11.6113 
508.45 .4000 .5039E-05 .1004 11.5448 
525.53 .3000 .4878E-05 .0977 11.4949 
580.12 1.0000 .5089E-05 .1029 11.3286 
603.93 .4000 .4665E-05 .0953 11.2621 
632.27 .6000 .5882E-05 .1211 11.1624 
650.43 .3000 A581E-05 .0950 11.1125 
676.98 .4000 ..t 185E-05 .0872 11.0460 
101.08 .5000 .5763E-05 .1208 10.9628 
724.28 .4000 .4189E-05 .1011 10.8963 
141.77 .3500 .5.561 E-05 .1181 10.8381 
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APPENDIX C 

ROCK MASS HYDRAULIC CONDUCTIVITY TEST RESULTS 

Table C.l: Rock mass hydraulic conductivity test, AP30·1·6, flow testing results. 
Time Inflow Flow Rate Permeability Pressure 
(h) (ec) (eels) (10-8 cm/s) gradient 
.38 .2000 .1449E·03 2.8926 11.5451 

2.43 .5000 .6775E·04 1.3591 11.4620 
4.45 .2000 .2755E·04 .5554 11.4287 
9.32 .6000 .3425&04 .6945 11.3289 

23.48 1.1000 .2157E·04 .4429 11.1460 
25.47 .1000 .1401&04 .2902 11.1294 
30.10 .2000 .1199E·04 .2490 11.0962 
47.33 1.0000 .1612E·04 .3377 10.9299 
49.15 .1000 .1529E·04 .3231 10.9133 
52.23 .1000 .9009&05 .1906 10.8966 
53.98 .1000 .1587E·04 .3364 10.8800 
72.60 .8000 .1194E·04 .2547 10.7470 
78.53 .2000 .9363E·05 .2014 10.7137 
101.72 .9000 .1078E·04 .2339 10.5641 
124.35 .8000 .9818E-05 .2158 10.4311 
143.43 .1000 .1019E·04 .2267 10.3147 
150.68 .2000 .7663E·05 .1711 10.2814 
167.17 .5000 .8426E·05 .1899 10.1983 
170.21 .1000 .8961 E-05 .2029 10.1816 



Table C.l: Rock mass hydraulic conductivity test, 
AP36-1-6, flow testing results. - Continue. 

Time 
(h) 

172.83 
191.72 
202.63 
216.30 
220.38 
239.80 
246.82 
271.28 
293.23 
311.75 
319.65 
335.83 

Inflow Flow Rate Permeability Pressure 
(cc) (ce/s) (10-8 em/s) gradient 

.1000 .1082£-04 .2455 10.1650 

.6000 .8826£-05 .2014 10.0653 

.3000 .7634E·05 .1754 10.0154 

.4000 .8130£-05 .1879 9.9489 

.1000 .6803£-05 .1579 9.9322 

.6000 .8584£-05 .2004 9.8325 

.1500 .. 5938E·05 .1395 9.8075 

.6500 .7380£-05 .1746 9.6995 

.6000 .7593E·05 .1816 9.5997 

.5000 .7501£-05 .1811 9.5165 

.1500 .5274E-05 .1281 9.4916 

.4500 .;;24£-05 .1885 9.4168 

348 

Table C.2: Rock mass hydraulic conductivity test, AP36-1-6. flow testing results. 
Time Inflow Flow Rate Permeability Pressure 
(h) (ee) (eels) (10-8 em/s) gradient 
1.93 1.4000 .2011 E·03 3.4533 12.9258 
5.93 1.3500 .9375E·04 1.6382 12.7013 
29.12 5.6500 .6770£-04 1.2392 11.7619 
51.75 4.4000 .5400E-04 1.0610 11.0303 
70.83 3.5000 .5095E·04 1.0622 10.4483 
78.08 1.1000 .4215E-04 .9111 10.2654 
94.57 2.8000 .4719E-04 1.0531 9.7998 
97.67 .3000 .2688E-04 .6157 9.7500 
100.23 .5000 .5411E·04 1.2480 9.6668 
119.12 3.0000 .4413£-04 1.0492 9.1680 
130.03 1.7000 ,4326E·04 1.0730 8.8853 
143.70 2.1000 ,4268E-04 1.0971 8.5362 
147.78 .6000 A082£-04 1.0769 8.4364 
167.20 2.9000 .4149E-04 1.1335 7.9542 
174.22 .9000 .3563E·04 1.0125 7.8045 
198.68 3.4000 .3860E-04 1.1490 7.2392 
220.63 3.0000 .3797E-04 1.2161 6.7404 
239.15 2.5000 .3750E-0·l 1.2854 6.3247 
247.05 1.0000 .3516E·04 1.2614 6.1584 
263.23 2.2000 .3776E-0·l 1.4149 5.7926 
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APPENDIX. D 

EROSION AND WASH-OUT TEST RESULTS 

Table 0.1: Erosion and wash-out test, BGEWT-l, flow testing results, grouted frac-
ture 

Time Inflow Flow Rate Permeability Pressure 

Ib~65 (cc~ 
0:00 0 

(ccL~ 
0.173101 

{cm~ 
0.4184 05 

gradient 
5.5044 

28.68 0.0005 0.1099E-07 0.3092E-05 5.5037 
40.28 0.0005 0.1197E-07 0.3274E-05 5.5030 
52.47 0.0010 0.2280E-07 0.5030E-05 5.5015 
57.37 0.0005 0.2834E-07 0.3774E-05 10.5236 
75.83 0.0015 0.2256E-07 0.3242E-05 10.5214 
83.23 0.0005 0.1877E-07 0.2868E-05 10.5207 
100.92 0.0010 0.ISilE-07 0.2547E-05 10.5192 
108.53 0.0000 0.9117E-09 0.3819E-06 10.5192 
124.13 0.0010 0.1736E-07 0.2723E-05 10.5178 
133.92 0.0005 0.1420E-07 0.2381E-05 10.5170 
148.13 0.0010 0.1954E-07 0.2729E-05 13.0857 
155.93 0.0005 0.li81E-07 0.1758E-05 20.7947 
171.93 0.0015 0.2604£-07 0.2177E-05 23.3627 
179.73 0.0003 0.8903E-08 0.1025E-05 23.3623 
186.07 0.0015 0.6579£-07 0.3049E-05 33.6397 
205.93 0.0020 0.2796E-07 0.1724£-05 31.0659 
211.67 0.0005 0.2422E-07 0.1652£-05 31.0652 
229.25 0.0015 0.2370E-07 0.1628E-05 31.0630 
251.78 0.0035 0.4315£-07 0.1730E-05 51.6177 
261.37 0.0010 0.2899E-07 0.1327E-05 51.6162 
275.50 0.0010 0.1965E-07 0.1024E-05 51.6147 
298.98 0.0020 0.2366E-07 0.1159E-05 51.6118 
309.05 0.0015 0.4139E-07 0.1683E-05 51.6096 
323.02 0.0015 0.2983£-07 0.1353E-05 51.6074 
330.28 0.0003 0.9557E-08 0.6335E-06 51.6071 
347.23 0.0012 0.2049E-Oi 0.1053E-05 51.6053 
354.60 0.0005 0.1885E-07 0.9965£-06 51.6045 
372.23 0.0010 0.1575£-07 0.8840E-06 51.6031 
378.45 0.0010 0.4468E-07 0.1771E-05 51.6016 
396.72 0.0015 0.2281E-07 0.1131£-05 51.5994 
420.23 0.0015 0.1772E-07 0.9561E-06 51.5972 
442.95 0.0015 0.1834E-07 0.9785E-06 51.5950 
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Table 0.1: Erosion and wash-out test, BGEWT-l, flow 
testin results. outed fracture. - Continued 

Ime n ow ow te ermea Ilty ressure 

4J3.~O (ee) 
-0.0020 (ec~~ -0.233 07 -O.~33{F!:05 !fladient 

0.4776 
523.68 0.0010 0.4875E-08 0.1171E-05 10.4762 
538.97 0.0010 . 0.1818E-07 0.2815E-05 10.4747 
564.40 0.0010 0.1092E-07 0.2005E-05 10.4733 
589.03 0.0010 0.1128E-07 0.2048E-05 10.4718 
642.17 0.0010 0.5228E-08 0.1227E-05 10.4703 
666.97 0.0010 0.1120E-07 0.2040E-05 10.4689 
721.30 0.0020 0.1022E-07 0.1920E-05 10.4660 
730.47 0.0035 0.1061E-06 0.2788E-05 62.0274 
744.61 0.0020 0.3912E-07 0.1415E-05 64.5947 
753.43 0.0015 0.4753E-01 0.1568E-05 61.1626 
712.32 0.0025 0.3678E-07 0.1305E-05 67.1590 
793.13 0.0020 0.2669E-01 0.1054E-05 67.1561 
825.68 0.0035 0.2987E-07 0.1136E-05 67.1510 
840.92 0.0040 0.7294E-07 0.2060E-05 67.1451 
873.80 0.0035 0.2951E-07 0.1129E-05 67.1400 
938.58 0.0035 0.1501E-07 0.7182E-06 67.1349 
1040.71 0.0080 0.2175£007 0.9197E-06 61.1232 
1088.55 0.0050 0.2907£007 0.1131E-05 64.5458 
1183.23 0.0075 0.2200E-07 0.9515£006 64.5348 
1250.38 0.0055 0.2215£007 0.9783E-06 63.4987 
1219.93 0.0040 0.3760E-07 0.1219E-05 74.8001 
1305.97 0.0045 0.4802£007 0.1451E-05 74.7936 
1375.92 0.0065 0.2581£007 0.9594E-06 14.7841 
1426.03 0.0040 0.2217£007 0.8669E-06 74.7783 
1473.57 0.0050 0.2922E-07 0.1042E-05 74.7710 
1523.80 0.0040 0.2212£007 0.8757E-06 72.1950 
1546.77 0.0020 0.2419£007 0.9406£006 72.1920 
1594.75 0.0045 0.2605£007 0.9883E-06 72.1855 
1639.48 0.0045 0.2794£007 0.1036E-05 12.1789 
1705.81 0.0060 0.2511E-07 0.9644£006 72.1702 

1st washed out 91.4006 
1730.52 0.0005 0.5634E-08 0.1389E-05 8.0841 
1753.60 0.0005 0.6017E-08 0.2067£005 2.9430 
1826.40 0.0005 0.1908E-08 0.1461£005 2.9423 
1873.98 0.0008 0.4378E-08 0.3727£005 0.3710 
1922.25 0.0012 0.7194£008 0.1410E-04 0.3692 
2017.07 0.0035 0.1025£007 0.1796£004 0.3641 
2039.53 0.0980 0.1212E-05 0.3739E-04 15.6398 

2nd washed out 15.4309 
2111.33 0.05·15 0.2108E-06 0.1450£003 0.2889 
2174.13 0.0545 0.2411E-06 0.1586£003 0.2889 
2197.58 0.0030 0.3554£007 0.4847E-04 0.2846 
2223.12 0.0005 0.5·140E-08 0.1395E-04 0.2838 
2244.92 0.00·15 0.5734E-07 0.6765E-04 0.2773 
2269.53 0.0005 0.5642E-08 0.1455E-04 0.2765 



Table 0.1: Erosion and wash-out test, BGEWT-l, flow 

23 1.60 
2325.83 
2350.87 
2373.52 
2422.20 
2445.57 
2469.12 
2493.12 
2517.68 
254l.92 
2564.67 
2589.03 
2624.40 
2642.38 
2667.55 
2691.58 
2714.58 
2742.80 
2766.08 
2786.65 
2804.32 
2824.98 
285l.77 
2872.30 
2905.23 
2927.10 
2947.43 
2954.88 
2978.48 
3002.77 
3029.15 
3053.82 
3072.57 
3098.85 
3122.67 
3145.55 
3170.67 
3193.42 
3222.78 
3258.80 

testing results. grouted fracture. - Continued 
Inflow F'low Rate Permea6tlity Pressure 
(ec~ (ee{s) (em~ gradient 

0.00 5 0.433it08 0.122'2 040.2758 
0.0010 0.1146E-07 0.2344E-04 0.2744 
0.0015 0.1664E-07 0.3018E-04 0.2722 
0.0015 0.1840E-07 0.3244E-04 0.2700 
0.0030 0.1712E-07 0.3117E-04 0.2656 
0.0025 0.2972£-07 0.4548E-04 0.2619 
-0.0003 -0.2949E-08 -0.9789E-05 0.2623 
-0.0003 -0.2894E-08 -0.9657E-05 0.2627 
0.0010 0.1131£-07 0.2399£-04 0.2612 
0.0005 0.5731£-08 0.1530£-04 0.2605 
0.0010 0.1221£-07 0.2540£-04 0.2590 
0.0015 0.1710£-07 0.3194£-04 0.2568 
0.0020 0.1571£-07 0.1496£-05 25.9497 
0.0015 0.2317E-07 0.1808£-05 25.9475 
0.0020 0.2208£-07 0.1751£-05 25.9445 
0.0020 0.2312E-07 0.1805E-05 25.9416 
0.0025 0.3019£-07 0.2158E-05 25.9380 
0.0035 0.3446£-07 0.2356E-05 25.9329 
0.0020 0.2386E-07 0.1845£-05 25.9300 
0.0020 0.2701E-07 0.2004E-05 25.9270 
0.0020 0.3145E-07 0.2218E-05 25.9241 
0.0015 0.2016£-07 0.1078E-05 49.0482 
0.0030 0.3111E-07 0.1440£-05 49.0439 
0.0020 0.2706E-07 0.1312E-05 49.0409 
0.0040 0.3374E-07 0.1520£-05 49.0351 
-0.0005 -0.6352E-08 -0.4992E-06 49.0358 
0.0020 0.2732£-07 0.1320£-05 49.0329 
0.0040 0.1491E-06 0.1133E-04 10.6491 
0.0050 0.5885E-07 0.5278E-05 15.7821 
0.0255 0.2!H 7E-06 0.1364E-04 15.7449 
0.0015 0.1579£-07 0.1954£-05 15.7427 
0.0020 0.2252E-07 0.2476E-05 15.7398 
0.0015 0.2222E-07 0.2454E-05 15.7376 
0.0010 0.1057E-07 0.1495£-05 15.7362 
0.0005 0.5832E-08 0.1006E-05 15.7354 
0.0010 0.1214E-07 0.1640£-05 15.7340 
0.0005 0.5530E-08 0.9711E-06 15.7332 
0.0030 0.3663E-07 0.3425E-05 15.7289 
0.0000 O.OOOOE+OO O.OOOOE+OO 15.7289 
0.0000 O.OOOOE+OO O.OOOOE+OO 15.7289 

351 
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Table 0.1: Erosion and wash-out test, BGEWT-l, flow 
testin results. outed fracture. - Continued 

lme n ow ow te ermea llty ressure 

~h} 32 6.18 
(cc} 

0.0010 
(cc~ 

0.376~07 ~cm~ O. 494 05 
~adient 
v6.0044 

3291.27 0.0005 0.5537E-08 0.6953E-06 26.0036 
3315.03 0.0010 0.1169E-07 0.1144E-05 26.0022 
3338.68 0.0005 0.58nE-08 0.7231E-06 26.0015 
3362.15 0.0000 O.OOOOE+OO O.OOOOE+OO 26.0015 
3390.05 0.0010 0.9956E-08 0.1028E-05 26.0000 
3410.65 0.0010 0.1348E-07 0.1259E-05 25.9985 
3434.32 0.0020 0.2347E-07 0.1822E-05 25.9956 
3458.37 0.0015 0.1733E-07 0.1488E-05 25.9934 
3481.85 0.0005 0.5914E-08 0.7267E-06 25.9927 
3506.22 0.0005 0.5700E-08 0.7090E-06 25.9920 
3530.42 0.0005 0.5739E-08 0.7123E-06 25.9912 
3572.75 0.0020 0.1312E-07 0.1236E-05 25.9883 
3595.68 0.0005 0.6056E-08 0.7384E-06 25.9876 
3618.75 0.0020 0.2408E-07 0.1484E-05 36.2602 
3673.40 0.0030 0.1525E-07 0.1094E-05 36.2558 
3741.48 0.0025 0.1020E-07 0.8372E-06 36.2522 
3786.63 0.0025 0.1538E-07 0.1101E-05 36.2485 
3830.12 0.0035 0.2236E-07 0.1413E-05 36.2434 
3908.75 0.0035 0.1236E-07 0.9520£.06 36.2383 
3955.42 0.0025 0.1488E-07 0.1077E-05 36.2347 
4002.68 0.0030 0.1763E-07 0.1206E-05 36.2303 
4028.30 0.0005 0.5422E-08 0.5496£.06 36.2296 
4051.12 0.0015 0.1826E-07 0.1235£.05 36.2274 
4075.12 0.0020 0.2315E-07 0.1447E-05 36.2244 
4123.13 0.0010 0.5785£.08 0.5739E-06 36.2230 
4171.95 0.0035 0.1992£.07 0.1309E-05 36.2179 
4244.03 0.0020 0.7707£.08 0.6950E·06 36.2150 
4292.68 0.0040 0.2284E-07 0.1434£.05 36.2091 
4339.37 0.0030 0.1785E-07 0.1217E-05 36.2047 
4402.63 0.0025 0.1098E-07 0.8800E·06 36.2011 
4459.92 0.0025 0.1212£.07 0.9403E-06 36.1974 
4505.75 0.0025 0.1515£.07 0.1091£.05 36.1938 
4554.25 0.0025 0.1432£.07 0.1051£.05 36.1901 
4603.20 0.0020 0.1135£.07 0.9000£.06 36.1872 
4651.58 0.0035 0.2009£.07 0.1317£.05 36.1821 
4725.35 0.0025 0.9414E-08 0.7947£.06 36.1785 
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Table 0.2: Erosion and wash-out test, BGEWT-2, flow testing results, grouted frac-
ture 

Time Inflow Flow Rate Permeability Pressure 

1~~65 {cc~ 
0.00 5 

(cc/~ 
0.1644 06 

{cm/~ 
0.1894 04 

gradient 
5.4220 

28.68 0.0025 0.5497£-07 0.9135£-05 5.4183 
40.28 0.0015 0.3592£-07 0.6882E-05 5.4161 
52.47 OJ!'" 10 0.2280E-07 0.5084£-05 5.4147 
57.37 0.Olli5 0.8503E-07 0.7845£-05 10.5360 
75.83 0.0045 0.6769£-07 0.6740£-05 10.5294 
83.23 0.0005 0.187i£-07 0.2867£-05 10.5287 
100.92 0.0012 0.1964E-07 0.2954£-05 10.5269 
108.53 0.0012 0.4559E-07 0.5181£-05 10.5251 
124.13 0.0015 0.2671E-07 0.3628£-05 10.5229 
133.92 0.0005 0.1420£-07 0.2381£-05 10.5221 
148.13 0.0015 0.2931£-07 0.3575£-05 13.0901 
155.93 0.0015 0.5342E-07 0.3657£-05 20.7955 
171.93 0.0025 0.4340E-07 0.3060£-05 23.3620 
179.73 0.0010 0.3561E-07 0.2583E-05 23.3605 
186.07 0.0043 0.1864£-06 0.6106E-05 33.6346 
205.93 0.0040 0.5593E-07 O.2737E-05 31.0542 
211.67 0.0010 0.484SE-07 0.2623E-05 31.0528 
229.25 0.0010 . 0.1580£-07 0.1243E-05 31.0513 
251.78 0.0093 0.1l40E·06 0.3308£-05 51.5928 
261.37 0.0030 0.8696£-07 0.2761£-05 51.5885 
275.50 0.0020 0.3931E-07 0.1627£-05 51.5856 
298.98 0.0030 0.3549£-07 0.1519E-05 51.5812 
309.05 0.0015 0.4139£-07 0.1684£-05 51.5790 
323.02 0.0015 0.2983£-07 0.1354£-05 51.5768 
330.28 0.0015 0.5734£-07 0.2092£-05 51.5746 
347.23 0.0020 0.3278£-07 0.1441£-05 51.5717 
354.60 0.0010 0.3771£-07 0.1582£-05 51.5702 
372.23 0.0025 0.3938E·07 0.1629£-05 51.5666 
378.45 0.0005 0.2234E-07 0.11 16E-05 51.5658 
396.72 0.0020 0.3041E-07 0.1371£-05 51.5629 
420.23 0.0025 0.2953E-07 0.1345E-05 51.5593 
442.95 0.0020 0.24·16E-07 0.1186E-05 51.5564 
466.70 ·0.0010 ·0.lliOE·07 -0.2103£-05 10.4412 
523.68 0.0005 0.2437£-08 0.7392E-06 10.4404 
538.97 0.0025 0.4544£-07 0.5198£-05 10.4368 
564.40 0.0010 0.1092E-07 0.2010E-05 10.4353 
589.03 0.0015 0.1691E-07 0.2691E-05 10.4331 
642.17 0.0020 0.1046E-07 0.1953£-05 10.4302 
666.97 0.0025 0.2800E-07 0.3767E-05 10.4266 
i21.30 0.0025 0.12i8E-Oi 0.2234E-05 10.4229 

Washed out 61.0106 
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Table D.3: Erosion and wash-out test, BGEWT-3, flow testing results, grouted frac-
ture 

TIme Inflow Flow Rate Permeability Pressure 

1~~J5 (cc~ 
0:00 0 

~cc/~ o. 61 07 
~cm/~ o. 645 05 

~ent 
• 08 

28.68 0.0005 0.1099E-07 0.3094E-05 5.5000 
40.28 0.0015 0.3592E-07 0.6813E-05 5.4978 
52.47 0.0005 0.1140E-07 0.3171E-05 5.4971 
57.37 0.0015 0.8503E-07 0.7798E-05 10.6309 
75.83 0.0055 0.8273E-07 0.7659E-05 10.6228 
83.23 0.0001 0.4692E-08 0.1131E-05 10.6227 
100.92 0.0024 0.3731E-07 0.4506E-05 10.6192 
108.53 0.0005 0.1823E-07 0.2796E-05 10.6185 
124.13 0.0015 0.2671E-07 0.3607£.05 10.6163 
133.92 0.0015 0.4259E-07 0.4923£.05 lO.6141 
148.13 0.0015 0.2931£.07 0.3556£.05 13.1820 
155.93 0.0020 0.7123£.07 0.4417£.05 20.8889 
171.93 0.0025 0.4340E-07 0.3051E-05 23.4554 
179.73 0.0005 0.1781£.07 0.1623E-05 23.4547 
186.07 0.0025 0.1096£.06 0.4279E-05 33.7280 
205.93 0.0047 0.6641E-07 0.3063E-05 31.1502 
211.67 0.0010 0.4845E-07 0.2617£.05 31.1487 
229.25 0.0022 0.3555E-07 0.2129E-05 31.1454 
251.78 0.0110 0.1356E-06 0.3708E-05 51.6884 
261.37 0.0030 0.8696E-07 0.2758E-05 51.6841 
275.50 0.0025 0.4914E-07 0.1885E-05 51.6804 
298.98 0.0040 0.4731E-07 0.1838E-05 51.6746 
309.05 0.0020 0.5519E-07 0.2037£.05 51.6717 
323.02 0.0020 0.3978E-07 0.1638E-05 51.6687 
330.28 0.0015 0.5734E-07 0.2090E-05 51.6665 
347.23 0.0018 0.2868E-07 0.1317£.05 51.6640 
354.60 0.0012 0.4713E-07 0.1834E-05 51.6622 
372.23 0.0030 0.4726E-07 0.1837£.05 51.6578 
378.45 0.0012 0.5585E-07 0.2054E-05 51.6560 
396.72 0.0022 0.3·122E-07 0.1482£.05 51.6527 
420.23 0.0035 0.4134E·07 0.1681E·05 51.6476 
442.95 0.0025 0.3057£.07 0.1375E·05 51.6439 
466.70 -0.0060 ·0.7018E-07 ·0.6904£.05 10.5375 
523.68 0.0015 0.7312£.08 0.1528£.05 10.5353 
538.97 0.0025 0.4544£.07 0.5167£.05 10.5316 
564.40 0.0015 0.1638£.07 0.2618E-05 10.5294 
589.03 0.0015 0.16!HE·07 0.2675£-05 10.5273 
642.17 0.0030 0.1568£-07 0.2544E-05 10.5229 
666.97 0.0020 0.22·IOE-07 0.3227E-05 10.5200 
721.30 0.0040 0.2045E·07 0.3038E-05 10.5141 

Washed out 61.0106 
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Table D.4: Erosion and wash-out test, BGEWT-4, flow testing results, grouted frac-
ture 

TIme Inflow Flow Rate Permeabdity Pressure 

J% (cc~ 
O.OOYO 

(cc~ 
0.632 07 ~cm/~ 0.r890 03 

gradient 
0.0350 

71.58 -0.1000 -0.4423E-06 -0.1022E-02 0.0387 
95.03 -0.0400 -0.4 738E-06 -0.1023E-02 0.0401 
120.57 -0.0200 -0.2176E-06 -0.5981E-03 0.0409 
142.37 -0.0800 -0.1019E-05 -0.1626E-02 0.0438 
166.98 -0.0200 -0.2257E-06 -0.5786E-03 0.0445 
199.05 -0.0200 -0.1733E-06 -0.4799E-03 0.0452 
223.28 -0.0200 -0.2293E-06 -0.5722E-03 0.0460 
248.32 -0.0200 -0.2219E-06 -0.5540E-03 0.0467 
270.97 -0.0200 -0.2453£-06 -0.5861E-03 0.0474 
288.50 -0.0100 -0.1584£-06 -0.4346E-03 0.0478 
290.00 0.0600 0.1111E-04 0.2008E-03 10.6287 
314.45 -0.0300 -0.3408£-06 -0. 1968E-04 10.6298 
337.82 0.0300 0.3.566E-06 0.2028E-04 10.6287 
361.37 0.0400 0.4718E-06 0.2445E-04 10.6272 
385.37 0.0400 0.4630E-06 0.2414£-04 10.6258 
409.93 0.0200 0.2261E-06 0.1497E-04 10.6250 
434.17 0.0200 0.2293E-06 0.1511E-04 10.6243 
456.92 0.0200 0.2442E-06 0.1576E-04 10.6236 
481.28 0.0000 O.OOOOE+OO O.OOOOE+OO 0.3429 
516.65 0.1000 0.7854E-06 0.2024E-04 26.0518 
534.63 0.0200 0.3089E-06 0.1014£-04 26.0511 
559.80 0.0400 0.4415E-06 0.1286£-04 26.0496 
583.83 0.0200 0.2312E-06 0.8357E-05 26.0489 
606.83 0.0400 0.4831E-06 0.1366E-04 26.0474 
635.05 0.0200 0.1969E-06 0.7510E-05 26.0467 
658.33 0.0200 0.2386£-06 0.8537E-05 26.0460 
678.90 0.0200 0.2701E-06 0.9273E-05 26.0452 
696.57 0.0200 0.3145E-06 0.1026E-04 26.0445 
720.17 0.0400 0.4708E-06 0.9112E-05 49.1745 
740.83 0.0200 0.2688E-06 0.6051E-05 49.1737 
767.62 0.0400 0.4149E-06 0.8080E-05 49.1723 
788.15 0.0200 0.2706E-06 0.60nE-05 49.1715 
820.58 0.0200 0.1713E-06 0.4481£-05 49.1708 
842.95 -0.0400 -0.4968E-06 -0.9112E-05 49.1723 
863.28 0.0400 0.5464E-06 0.9710E-05 49.1708 
879.88 0.0200 0.3347E-06 0.7003E-05 49.1701 

Washed out 61.0106 
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Table 0.5: Eros;on and wash-out test, BGEWT-5, flow testing results, grouted frac-
ture 

Time Inflow Flow Rate Permeability Pressure 

3~~Jo (ee~ (eels) !em~) sgadient o.M 5 0.4437£008 o. 188 -05 .0454 
55.95 0.0010 0.1127E-07 0.2212E-05 8.0417 
79.03 0.0005 0.6017E-08 0.2077E-05 2.9007 
151.83 0.0040 0.1526E-07 0.5902E-05 2.8949 
200.10 0.0075 0.4316E-07 0.5075E-04 0.3196 
294.92 0.0050 0.l-t65E-07 0.2516E-04 0.3123 
317.38 0.0020 0.2473E-07 0.2790E-05 15.7310 
341.52 0.0010 0.1I51E-07 0.1583E-05 15.7296 
365.87 0.0035 0.3993E-07 0.3629E-05 15.7245 
384.03 0.0015 0.2294E-07 0.2508E-05 15.7223 
416.05 0.0025 0.2169E-07 0.2417E-05 15.7186 
437.23 0.0010 0.131IE-07 0.1728E-05 15.7172 
461.05 0.0045 0.5248E-07 0.2841E-05 33.6995 
484.52 0.0025 0.2959E-07 0.1788E-05 33.6959 
536.65 0.0050 0.2664E-07 0.1667E-05 33.6886 
573.10 0.0045 0.3429E-07 0.1973E-05 33.6820 
604.97 0.0025 0.2179E-07 0.1459E-05 33.6784 
629.05 0.0025 0.2884E-07 0.1158E-05 33.6747 
653.05 0.0025 0.2894E-07 0.1762E-05 33.6711 
677.05 0.0025 0.2894E-01 0.1762E-05 33.6674 
140.77 0.0050 0.2180E-07 0.1459E-05 33.6601 
168.87 0.0100 0.9885E-07 0.291OE-05 56.7748 
191.97 0.0055 0.6614E-07 0.2159E-05 56.7667 
817.72 0.0045 0.4854E-07 0.1157E-05 56.1602 
839.15 0.0045 0.5832E-01 0.1985E-05 56.7536 
890.72 0.0100 0.5387E-07 0.1883E-05 56.7390 
912.17 0.0040 0.5180E-07 0.1835E-05 56.7332 
928.03 0.0025 0.4377E-07 0.1640E-05 56.7295 
959.03 0.0060 0.5376E-07 0.1878E-05 56.8674 
982.80 0.0025 0.2922E-07 0.1215E-05 62.0041 
1009.97 0.0045 0.4601E-07 0.1598E-05 61.9975 
1072.77 0.0105 0.4644E-07 0.1608E·05 61.9822 
1096.22 0.0050 0.5923E-07 0.1892E-05 61.9749 
1121.75 0.0040 0.4352E-07 0.1540E-05 61.9691 
1143.55 0.0045 0.5734£.07 0.1852E-05 61.9625 
1168.17 0.0005 0.5642E-08 0.3946E-06 61.9618 
1200.23 0.0085 0.7363E-07 0.2188E-05 61.9494 
1224.47 0.0035 0.4012E-07 0.1460E-05 61.9443 
1249.50 0.0035 0.3884E-07 0.1428E-05 61.9391 
1272.15 0.0035 0.4292E-07 0.1527E-05 61.9340 
1289.68 0.0030 0.4753£.07 0.1634E-05 61.9297 
1315.63 0.0015 0.1606E-07 0.2583E-05 10.5316 
1339.00 0.0005 0.5944E-08 0.1332E-05 10.5309 
1362.55 0.0005 0.5898E·08 0.1325E-05 10.5302 
1386 .. 55 0.000.5 0.5787£.08 0.1308E-05 10.5294 
1411.12 0.0005 0.565·' £.08 0.1288E·05 10.5287 
1435.35 0.0003 O.2866E-08 0.8189E-06 10.,5283 
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lme n ow ow te ermea 1 ty ressure 

~} 14 .10 
{ee) 

0.0003 
(ec~~ 

o.3b5 08 ~cm/~ 
0.54106 

sradient 
10.5280 

1482.47 0.0005 0.5700&.08 0.2025&.05 0.2466 
1517.83 0.0045 0.3534&.07 0.2569&.05 25.9387 
1535.82 0.0005 0.7723&.08 0.8694&.06 25.9380 
1560.98 0.0010 0.1104&.07 0.1103&.05 25.9365 
1585.02 0.0015 0.1734&.07 0.1491&.05 25.9343 
1608.02 0.0010 0.1208&.07 0.1171&.05 25.9329 
1636.23 0.0025 0.2461E-07 0.1883&.05 25.9292 
1659.52 0.0015 0.1790&.07 0.1523&'05 25.9270 
1680.08 0.0015 0.2026&.07 0.1654&.05 25.9248 
1697.75 0.0010 0.1572E-07 0.1397&.05 25.9234 
1718.42 0.0025 0.3360E-07 0.1515&.05 49.0446 
1745.20 0.0030 0.3111E-07 0.1440&.05 49.0402 
1765.73 0.0000 O.OOOOE+OO O.OOOOE+OO 49.0402 
1798.17 0.0060 0.5139&.07 0.2012&.05 49.0314 
1820.53 0.0020 0.2484E-07 0.1239&.05 49.0285 
1840.87 0.0030 0.4098E-07 0.1730&.05 49.0242 
1857.47 0.0015 0.2510&'07 0.1248&.05 49.0220 

1st washed-out 66.0016 
1864.92 0.0015 0.5593E·07 0.5904&.05 10.6141 
1888.52 0.0020 0.2354E-07 0.2870E·05 15.7515 
1912.80 0.0010 0.1144&.07 0.1575&.05 15.7500 
1939.18 0.0025 0.2632&.07 0.2746&.05 15.7464 
1963.85 0.0015 0.1689&.07 0.2043&.05 15.7442 
1982.60 0.0010 0.1481&.07 0.1872&.05 15.7427 
2008.88 0.0015 0.1585E-07 0.1959&.OS IS.740S 
2032.70 0.0015 0.1749E·07 0.2092&.05 15.7383 
2055.58 0.0005 0.6069&.08 0.1033&.05 15.7376 
2080.70 0.0020 0.2212&.07 0.2447&.05 15.7347 
2103.45 0.0020 0.2442E·07 0.2614&.05 15.7318 
2132.82 0.000.') 0.4729&.08 0.8750&.06 15.73lO 
2168.83 0.0015 0.1157E-07 0.IS89&'05 15.7289 
2176.22 0.0010 0.3762E-07 0.2494&.05 26.0073 
2201.30 0.0030 0.3322E-07 0.2296&.05 26.0029 
222S.07 0.0010 0.1169&.07 0.1144&.05 26.0015 
2248.72 0.0005 0.5873E-08 0.7231E-06 26.0007 
2272.18 0.0015 0.1776E·07 0.1512&.05 25.9985 
2300.08 ·0.0010 -0.9956&.08 -0.1028E·OS 26.0000 
2320.68 0.0035 0.4720&.07 0.2902E·05 2S.9949 
2344.35 0.0015 0.1761E-07 0.1504&.05 25.9927 
2368.40 0.0015 0.1733&.07 0.1488&.05 25.9905 
2391.88 0.0015 0.I714E-07 0.1512&'05 25.9883 
2416.25 0.0010 0.1140E-07 0.1126E-05 25.9869 
2440.45 0.0010 0.1148E-07 0.1131&.05 25.9854 
2482.78 0.0025 0.1640E-07 0.1435&.05 25.9818 
2505.72 0.0010 0.1211E-07 0.1172&.05 25.9803 

2nd washed-out 35.0000 



3.58 

APPENDIX E 

WATER FLOW THROUGH SHRUNKEN GROUT TEST RESULTS 

lme n ow ow te ermea 1 ty ressure 

J.t;k (cc~ 
0]0 1 

(ccLs~ 
0.937;>£-01 

~cm/s) 
O. 22'lEOO5 

gradient 
9.1139 

0.27 0.0243 0.2941E-06 0.1977E-04 9.1117 
1.10 0.0324 0.3180E-06 0.2083E-04 9.1088 
1.37 0.5103 0.6088E-05 0.1493E-03 9.0628 
18.87 0.0081 0.1264E-06 0.1130E-04 9.0621 
27.25 0.1458 0.4860E-03 0.2182E-02 15.2881 
67.48 0.0081 0.1227E-04 0.1684E-03 15.2814 
91.48 0.0081 0.2700E-05 0.6138E-04 15.2866 
114.43 -0.0162 -0.1181E-06 -0.2538E-04 15.2881 
142.73 0.0162 0.3913E-06 0.1693E-04 15.2866 
166.02 -0.0081 -0.2684E-06 -0.1363E-04 13.7453 
183.82 0.0000 O.OOOOE+OO O.OOOOE+OO 13.7453 
211.37 -0.0081 -0.8167E-07 -0.3925E-05 28.5960 
235.02 0.0081 0.9514£001 0.4345E-05 28.5953 
257.58 0.0243 0.2991E-06 0.9326£005 28.5931 
282.42 0.0081 0.9060E-07 0.4206E-05 28.5923 
302.98 0.0324 0.4376E-06 0.1202E-04 28.5894 
335.55 0.0081 0.6909E-07 0.3511E-05 28.5887 
357.75 -0.0567 ·0.7095E-06 -0.1689£004 27.0517 
378.12 -0.0162 ·0.2209E-06 ·0.7908E-05 27.0532 
426.20 0.0081 0.4679E·07 0.2810E-05 27.0524 
450.08 0.0405 0.4710E·06 0.1327E-04 26.0207 
474.90 0.0243 0.2720E·06 0.9322E-05 26.0185 
522.90 0.0105 0.6094E-01 0.3439E-05 26.0116 
542.97 0.0051 0.78-t9E·07 0.4071E-05 26.0171 
547.85 0.0243 0.1382E-05 0.2021E-04 41.4125 
571.02 0.0041 0.4856E·01 0.2214E·05 38.8420 
594.95 0.0000 O.OOOOE+OO O.OOOOE+OO 38.8420 
619.00 0.0121 0.1403£006 0.4591£005 38.8409 
690.00 0.0162 0.6338E·07 0.2703£005 38.8394 
114.53 0.0000 O.OOOOE+OO O.OOOOE+OO 38.8394 
764.00 0.0162 0.9097E·07 0.3439£005 38.8379 
788.30 0.0081 0.9259E-01 0.3480E-05 38.8312 



Table E.1: Water flow through shrunken grout test, 
WFSG-l. flow testing results.- Continued 

Time 
(b) 

810.08 
834.85 
858.50 
882.02 
906.43 
932.02 
956.37 
983.05 
1001.80 
1028.08 
1051.90 
1074.78 
1099.90 
1122.65 
1152.02 
1188.07 
1195.38 

Inflow Flow Rate Permeability Pressure 
(ee) (eels) (em/s) gradient 

0.0000 O.OOOOE+OO O.OOOOE+OO 38.8372 
0.0081 0.9085E-07 0.3436E-05 38.8365 
0.0041 0.4757E-07 0.2232E-05 38.8361 
0.0121 0.1435E-06 0.4661E-05 38.8350 
0.0000 O.OOOOE+OO O.OOOOE+OO 38.8350 
0.0081 0.8795E-07 0.2743E-05 52.7124 
0.0081 0.9240E-07 0.2835E-05 52.7117 
0.0000 O.OOOOE+OO O.OOOOE+OO 52.7117 
0.0000 O.OOOOE+OO O.OOOOE+OO 52.7117 
0.0162 0.1712E-06 0.4276E-05 52.7102 
0.0081 0.9447E-07 0.2877E-05 52.7095 
0.0000 O.OOOOE+OO O.OOOOE+OO 52.7095 
0.0000 O.OOOOE+OO O.OOOOE+OO 52.7095 
0.0081 0.9890E-07 0.2966E-05 52.7088 
0.0000 O.OOOOE+OO O.OOOOE+OO 52.7088 
0.0162 0.1248E-06 0.3464E-05 52.7073 
0.0081 0.3075E-06 0.4892E-05 77.3794 

1220.47 0.0081 0.S970E-07 0.2152E-05 77.3786 
1244.22 0.0486 0.5684E-06 0.7368E-05 77.3742 
1267.80 
1291.40 
1319.28 
1339.85 
1363.55 
1387.57 
1435.45 
1459.60 
1501.88 
1547.25 
1555.30 
1578.35 
1632.97 
1701.02 
1746.18 
1789.67 
1868.30 
1914.93 

0.0243 0.2862E-06 0.4664E-05 77.3720 
0.0405 OA767E-06 0.6553E-05 77.3684 
0.0162 0.1614E-06 0.3183E-05 77.3669 
0.0162 0.2188E-06 0.3899E-05 77.3655 
0.0567 0.6646E-06 0.8178E-05 77.3604 
0.0162 0.1874E-06 0.3517E-05 77.3589 
0.0243 0.2765E-06 0.4558E-05 77.3560 
0.0243 0.2795E-06 0.4591 E-05 77.3538 
0.0243 0.1596E-06 0.3161E-05 77.3516 
0.0324 O.l984E-06 0.3653E-05 77.3487 
0.0162 0.5590E-06 0.6447E-05 92.9696 
0.0243 0.2928E-06 0.4190E-05 92.9674 
0.0567 0.2884E-06 0.4147E-05 92.9623 
0.0486 0.1984E-06 0.3232E-05 92.9579 
0.0567 0.3487E-06 0.4707E-05 92.9528 
0.0324 0.2070E-06 0.3325E-05 92.9499 
0.0729 0.2575E-06 0.3846E-05 92.9433 
0.0486 0.2895E-06 0.41.59E·05 92.9389 

359 
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Table E.l: Water flow through shrunken grout test, 
WFSG-l. flow testing results.- Continued 

Time Inflow Flow Rate Permeability Pressure 
(h) (ee) (eels) (em/s) gradient 

1962.18 0.0486 0.2857E-06 0.4122E-05 92.9345 
1987.85 0.0243 0.2630£-06 0.3901£-05 92.9324 
2010.50 0.0324 0.3974£-06 0.5136£-05 92.9294 
2034.50 0.0243 0.2813£-06 0.4080£-05 92.9273 
2082.65 0.0405 0.2336E-06 0.3605£-05 92.9236 
2131.48 0.0081 0.4608E-07 0.1221£-05 92.9229 
2203.58 0.0729 0.2809£-06 004076£-05 92.9163 
2252.23 0.0567 0.3237E-06 0.4481£-05 92.9112 
2298.88 0.0243 0.1447£-06 0.2620£-05 92.9090 
2362.13 0.0567 0.2490E-06 0.3762£-05 92.9039 
2419.45 0.0324 0.1570E-06 0.2767E-05 92.9010 
2465.30 0.0324 0.1963E-06 0.3211£-05 92.8981 
2513.78 0.0567 0.3249E-06 0.4492E-05 92.8930 
2562.75 0.0243 0.1378£-06 0.2537E-05 92.8908 
2611.12 0.0648 0.3722E-06 0.4919£-05 92.8849 
2684.88 0.0162 0.6100E-07 0.1473£-05 92.8835 
2708.88 0.0203 0.2344E-06 0.3614£-05 92.8816 
2724.00 0.0203 0.3721E-06 0.4918£-05 92.8798 
2830.72 0.0405 0.2157E-06 0.3420E-05 92.8725 
2899.53 0.0405 0.1635E-06 0.2843£-05 92.8689 
2946.52 0.0729 0.4310E-06 0.5425£-05 92.8623 
3042.48 0.0486 0.1407E-06 0.2572E-05 92.8579 
3090.20 0.0324 0.1886E-06 0.3127E-05 92.8550 
3137.35 0.0243 0.1432E-06 0.2602£-05 92.8528 
3210.05 0.0567 0.2166E-06 0.3430E-05 92.8477 
3227.58 0.0081 0.1283E-06 0.2419E-05 92.8470 
3280.12 0.0405 0.2141E-06 0.3174£-05 103.1240 
3370.47 0.0810 0.2490E-06 0.351OE-05 103.1167 
3426.28 0.0486 0.2419E-06 0.3442£-05 103.1123 
3449.57 0.0486 0.5798E-06 0.6166£-05 103.1079 
3522.63 0.0567 0.21.56E-06 0.3188E-05 103.1028 
3572.05 0.0486 0.2732E-06 0.3734E-05 103.0984 
3620.02 0.0486 0.2814E-06 0.3809£-05 103.0940 
3689.50 0.0648 0.2,591E·06 0.3604£-05 103.0882 
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Table E.2: Water flow through shrunken grout test, WFSG-2, flow testing results. 
Time Inflow Flow Rate Permeability Pressure 

\h) (ee) (eels) (em/s) gradient 
0.08 0.0081 0.9375E-07 0.9206£-05 9.1379 
0.27 0.0162 0.1961E-06 0.1506£-04 9.1365 
1.10 0.0081 0.7951E-07 0.8249E-05 9.1358 
7.37 0.0162 0.1933E·06 0.1492E·04 9.1343 
18.87 0.0000 O.OOOOE+OO O.OOOOE+OO 9.1343 
27.25 0.0567 0.1890E-03 0.1161£-02 15.3100 
67.48 0.0041 0.6136E-05 0.1060E-03 15.3096 
91.48 0.0041 0.1350£-05 0.3863£-04 15.3092 
114.43 -0.0081 -0.3590£-06 -0.1598£-04 15.3100 
142.73 0.0000 O.OOOOE+OO O.OOOOE+OO 15.3100 
166.02 0.0000 O.OOOOE+OO O.OOOOE+OO 13.7679 
183.82 0.0000 O.OOOOE+OO O.OOOOE+OO 13.7679 
211.37 0.0041 0.4083E-07 0.2469£-05 28.6540 
235.02 0.0364 0.4281E-06 0.1183£-04 28.6507 
257.58 0.0121 0.1496E-06 0.5867£-05 28.6496 
282.42 0.0162 0.1812E-06 0.6669£-05 28.6482 
302.98 0.0121 0.1641£-06 0.6242£-05 28.6471 
335.55 0.0162 0.1382£006 0.5566£-05 28.6456 
357.75 0.0243 0.3041£-06 0.9590£-05 27.1013 
378.12 0.0000 O.OOOOE+OO O.OOOOE+OO 27.1013 
426.20 -0.0081 -0.4679E·07 -0.2806£-05 27.1020 
450.08 0.0162 0.1884E-06 0.7194£-05 26.0725 
474.90 0.0162 0.1813E-06 0.7104E·05 26.0711 
522.90 0.0081 0.4688£-07 0.2883£-05 26.0703 
542.97 0.0243 0.3364E-06 0.1073£-04 26.0681 
547.85 -0.0081 -0.4608£006 -0.9706£-05 41.4825 
571.02 0.0162 0.1942£-06 0.5573£-05 38.9109 
594.95 0.0081 0.9401E-07 0.3511E-05 38.9102 
619.00 0.0162 0.1871E-06 0.5555£005 38.9087 
690.00 0.0405 0.1585E-06 0.4972£-05 38.9051 
714.53 0.0162 0.1834E-06 0.5482E-05 38.9036 
764.00 0.0162 0.9097E-07 0.3435E-05 38.9022 
788.30 0.0081 0.9259E-07 0.3476E·05 38.9014 
810.08 0.0081 0.1033£-06 0.3739£-05 38.9007 
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Table E.2: Water flow through shrunken grout test, 
WFSG·2, flow testing results.- Continued 

Time Inflow Flow Rate Permeability Pressure 
(h) (ee) (ee/s) (em/s) gradient 

834.85 0.0243 0.2725E·06 0.7139&05 38.8985 
858.50 0.0000 O.OOOOE+OO O.OOOOE+OO 38.8985 
882.02 0.0081 0.9568E--07 0.3553E-05 38.8978 
906.43 0.0081 0.9215E-07 0.3465E-05 38.8970 
932.02 0.0243 0.2638&06 0.5701&05 52.7686 
956.37 0.0162 0.1848&06 0.4497&05 52.7671 
983.05 0.0162 0.1686E-06 0.4231E-05 52.7657 
1001.80 0.0162 0.2400E-06 0.5353&05 52.7642 
1028.08 0.0000 O.OOOOE+OO O.OOOOE+OO 52.7642 
1051.90 0.0162 0.1889E-06 0.4564&05 52.7628 
1074.78 0.1782 0.2163E-05 0.2318&04 52.7467 
1099.90 -0.1539 -0.1702&05 -0.1976E--04 52.7606 
1122.65 0.0081 0.9890E-07 0.2964E--05 52.7598 
1152.02 0.0162 0.1532E-06 0.3969E-05 52.7584 
1188.07 0.0162 0.1248&06 0.3462E-05 52.7569 
1195.38 0.0081 0.3075E-06 0.4890&05 77.4224 
1220.47 0.0162 0.1794&06 0.3414&05 77.4209 
1244.22 0.0324 0.3789E--06 0.5621&05 77.4180 
1267.80 0.0243 0.2862E·06 0.4662E-05 77.4158 
1291.40 0.0243 0.2860E-06 0.4660E-05 77.4136 
1319.28 0.0162 0.1614E-06 0.3182£-05 77.4122 
1339.85 0.0000 O.OOOOE+OO O.OOOOE+OO 77.4122 
1363.55 0.0405 0.4747E-06 0.6532&05 77.4085 
1387.57 0.0162 0.1874£-06 0.3515E-05 77.4071 
1411.03 0.0162 0.1918E-06 0.3570E-05 77.4056 
1435.45 0.0162 0.1843£-06 0.3477£-05 77.4042 
1459.60 0.0081 0.9317£-07 0.2206E-05 77.4034 
1501.88 0.0324 0.2128E-06 0.3827E-05 77.4005 
1547.25 0.0324 0.1984E·06 0.3652E-05 77.3976 
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APPENDIX F 

ROCK SAMPLE DESIGNATION CODING SYSTEM 

AP 30 1 6 

Sample Diameter (Inches) 

Core Number 

Block Number 

Tuff Type: 
AP· Apache Leap 



APPENDIX G 

DERIVATION NODE COORDINATES OF FINITE ELEMENT 

MESHES 
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The finite element program utilizes rectangular ring elements for axisymmetric three

dimensional simulations. Meshes around the fracture face and the injection hole 

are fine meshes. The size of the elements increase proportionally along the radial 

direction and along the sample height away from the fracture. 

Consider the starting node NB and the ending node NE shown in Figure 

2.1 i(a). Additional nodes can be generated between these two end nodes if a nonzero 

value of NE is used. Number the nodes 1,2, ... , n, as shown in Figure 2.17(b), and 

refer to the T and z coordinates of node 1 by T., z. etc. The spacing factors fr and 

f: can be defined by 

fr = T3 - T2 = r 4 - T3 = ... = Tn - T n-l 

T2 - Tl T3 - T2 Tn-l - Tn -2 
(G.l) 

and 

f 
- :'3 - Z2 _ ':4 - Z3 _ _ =,. - Zn-1 

%- - - ••• -

=2 - =1 =3 - =2 =,,-1 - =n-2 
(G.2) 

Radial coordinates of the nodes in the T direction is given by 



365 

(G.3) 

(GA) 

(G.5) 

Adding these results gives 

(G.6) 

then 

(G.7) 

where 

n-2 

Fr = Lf; (G.8) 
i=1 
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In Eqs. (2.59) to (2.66) n is the total number of nodal points in the generating 

sequence (including NB and NE). Following a similar derivation, the node coordinates 

in the z direction can be given by 

(G.9) 

(G.1D) 

where 

n-2 

Fz = 'Lf; (G.ll) 
i=l 

The PREFEM2D (Ran 1992) generates a dense mesh around the injection 

hole and nearby fracture surface with 1.25 spacing factors both in the z and the r 

direction, starting from the wall of the injection hole (Figure 2.18). 
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