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ABSTRACT 

Traditional cement grout may not meet all the requirements of high-lever nuclear 

waste isolation in undergroimd repositories due to limitations of its physical and 

chemical stability and inability to penetrate minute fractures and voids. A new frac

ture grouting material and technology should be developed. Bentonite is known to 

have an extremely low permeability and a self-healing ability. It has therefore been 

selected as a major sealing component in several repository concepts. Bentonite 

used as a grouting material has the following main advantages, 1) small particle 

size, can be injected into small fractures or voids, 2) suitable water absorption 

properties and can produce gels at low concentrations, and 3) stable physical and 

chemical properties, may be expected to have a long longevity. 

Bentonite fracture grouting tests are performed on a fractture model, made 

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

of 2.5 cm diameter. Suspensions with bentonite concentration of 9 % to 31 % 

have been injected into fractures with apertures of 9 to 39 microns under injection 

pressures less than 0.5 MPa. After grouting, the hydraulic conductivities of the 

fractures are reduced from the 10"^ to the 10~® cm/s level. When the suspension 

is thin enough and the fracture is very small, channeling develops in the grouted 

fractures. Preliminary results indicate that the permeability of a grouted fracture 

does not increase with time in 125 days. 

The flow properties of bentonite suspensions, viscosity, shear stress, yield 

stress and gelation, are investigated. Water flow through ungrouted fractures and 

movement of water in bentonite grout are studied. 



12 

CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

Grouting is a conventional method for rock fracture sealing widely used in civil 

and mining engineering to reduce the hydraulic conductivity of the rock mass, or 

to elimilate the flow path of the fluid seepage. Grouting used in dam foundation 

started as early as 1900's. The earliest successful case for dam grouting to prevent 

seepage is the Kinder Embankment of the Stockport Corporation in England in 

1903 to 1905 (Bowen, 1975). After that fracture sealing with pressure grouting has 

been widely used in dam fovindations. Today mines axe going deeper and deeper. 

Seeping water in mines, considered as "a hazard and a nuisance", becomes a problem 

and a potential cause accidents (Moebs and Sames, 1989). Fracture grouting is 

used increasly to build waterproof barriers. The fracture grouting technique is also 

adopted in the control of groundwater during shaft sinking. In recent years, fracture 

grouting has become of great concern in nuclear waste repository engineering. 

The high-level nuclear waste disposed in underground repositories must 

be properly isolated to retard any radionuclide migration to an acceptable level. 

Groundwater constitutes an important potential carrier for transporting radionu

clide materials. Fractures in the rock mass surroimding the repository and its shafts, 

emplacement rooms and holes, access drifts and exploratory holes, may provide pref

erential flowpaths for the seepage of groundwater and air. In order to reduce their 

permeability, such fractures may have to be grouted. 
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The selection of a suitable fracture sealing material for nuclear waste repos

itory should be based on the requirements of retarding the radionuclide migration 

and the safety of the repository. The sealant must have a very low permeability 

and diffusivity to minimize the groimd water percolation, and to cut down the rate 

of diffusion of radionuclides when coiTosion has finally exposed the nuclear waste in 

a container. The sealing material must have swelling ability to guarantee complete 

filling of the fractures, especially in the possible case of small rock displacements. 

The sealant should have a non-brittle behavior to prevent the formation of cracks 

and fissiures in the isolation barrier. The sealing material should have a self-healing 

ability. When a local reduction of density of grout or the formation of local open 

space in a fracture is caused by rock mass displacement, the grout should guarantee 

that such defects disappear and that uniform conditions can be recovered. The 

isolation barrier should have longevity and an ability to adsorb radionuclides. 

Bentonite has an extremely low permeability, self-healing ability and longevity 

demonstrated in nature, and has therefore been selected as a major sealing com

ponent in several repository concepts. Bentonite grouts may be used to form im

pervious zones surrounding the repository, and particularly repository seals. Ben

tonite used as a grouting material has the following main advantages, 1) small size 

particles, which can be injected into minute fractures or voids, 2) suitable water 

absorption properties, so that bentonite can produce gels at low concentrations, 

and 3) stable physical and chemical properties, which may be expected to ensure 

longevity for bentonite seals. 

Laboratory tests for bentonite grouting, injecting very thin bentonite sus

pensions (5% and 8% by weight) into sands, have been performed by Jones (1963). 

Pusch (1978) conducted a small scale bentonite injection test on rock. Pusch and 

Jacobsson (1979) gave a fundamental investigation for using bentonite as sealing 

material for a repository for highly radioactive waste products. Sawyer and Daemen 

(1987) studied the sealing performance of bentonite borehole plugs. Williams and 
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Daemen (1987) have studied the sealing performance of bentonite/crushed basalt 

borehole plugs to investigate the flow properties of bentonite/ crushed basalt bore

hole plugs. Gaudette and Daemen (1988) conducted bentonite borehole plug flow 

testing with five water types to investigate the bentonite sealing performance in 

terms of hydraulic conductivity, and to determine the effect of permeant chemistry 

on the hydraulic conductivity of bentonite. These researches indicate bentonite is 

a promising sealing component of nuclear waste isolation. 

Cement is the most widely used sealing material, such as used as a borehole 

plug and a grout. It is economical and well known. Some disadvantages, especially 

for use in nuclear waste isolation, have been identified in numerous publications. 

Pusch et al (1988) report that critical to the sealing performance of cement is prob

ably a potential flow path along the contact zone between cement and rock. South 

and Daemen (1986) found such a flowpath to be minor, but Adisoma and Daemen 

(1988) showed it to be a major effect on plug effectiveness for plugs that were al

lowed to dry out. Experiments conducted for the Stripa project show that a cement-

filled slot does not reach a hydraulic conductivity as low as the solid cement itself 

(Pusch et al., 1988). The current study indicates that cement grout contains some 

cracks when barriers are formed. Common cements contain relatively large parti

cles, and hence, only penetrate relatively large rock fractures and voids. Different 

size fractures may surroimd an underground repository. The chemical and physical 

stability and longevity axe questionable for cement grouts. Gnirk (1988) points out 

that bentonite has lower erosion resistance but good hydraulic, chemical-stability 

and fracture-healing properties that would provide effective long-term sealing. Ben

tonite grouts may be most applicable for the sealing of fine fractures and may meet 

sealing longevity requirements for radionuclide isolation. 

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

known, Cement-bentonite grouting has been conducted by numerous investigators 

(e.g. Benzekri and Marchand, 1978; Jefferis, 1982; Deere, 1982; Schaffer and Dae-



15 

men, 1987). Some information about the physical and chemical properties of ben

tonite grouts is available, such as flow properties and yield gradients determined by 

Marsland and Loudon (1963), chemistry and flow properties (Jones, 1963), effects 

of mixing on bentonite (JefFeris, 1982), sealing performance of bentonite borehole 

plugs (Sawyer and Daemen, 1987), sealing performance of bentonite/crushed basalt 

borehole plugs (Williams and Daemen, 1987), effect of water compositions on the 

hydraulic conductivity of bentonite borehole plugs (Gaudette and Daemen) 1988), 

chemical and physical stability of bentonite grout and its longevity (Pusch at el., 

1988), viscoplastic behavior (Hicher, 1988) and erosion possibilities (Boisson, 1989). 

These research results can be used to guide this investigation directly or indirectly. 

1.2 Objective 

This research addresses primarily the study of grout distribution along a fracture 

perpendicular to an applied stress or without an applied stress, and the effect of 

grouting injection pressvire on penetration and sealing performance of the grout. 

The objective of this study is to assess the hydraulic cutoffs of grouted fractures in 

an acrylic model and in rock, using permeability measurements. 

This work includes characterization of bentonite grouts, determining the in

fluence of bentonite on the grout compressive strength and establishing the relation 

between normal stresses and grouted fracture permeability. 

1.2.1 Properties of bentonite suspensions 

This test program is intended to identify the groutability of rock fractures with 

bentonite as well as the possible conditions under which a bentonite slvu*ry may be 

expected to penetrate into rock fractures. The test program includes 1) selection 



16 

of the components and their mixing ratio, 2) determination of the stability of the 

suspensions, or bleeding, 3) measurement of the dynamic and the static viscosity 

for slurries with different water content, 4) investigation of the thixotropy of sus

pensions, 5) determination of mixing speed required by preparing suspensions with 

different bentonite solids, 6) determination of strength gain in time, strength of the 

injected grout, and 7) observation of the resistance of injected grouts to erosion, 

volimie stability of injected grouts/ piping, channeling and washing out. 

1.2.2 Grouting a simulated single fracture (model test) 

The model consists of two plates of clear plastic with adjustable aperture, as shown 

in Figure 1.1. The model provides fi convenient way to study the injection and flow 

properties in a fracture by comparison with the rock sample test. The model test has 

the following advantages: 1) adjustable fracture aperture, 2) controllable smooth or 

rough fracture surface, 3) impermeable fracture boundaries, which assures that all 

flow takes place in the fracture and that the flow test results before grouting and 

after grouting are easily comparable, 4) visible (grout penetration, piping, channel

ing and washing out), and 5) hydraulic gradient is measurable. Flexible boundary 

conditions can simulate the real condition of in situ fractures, such as open fracture, 

closed fracture, saturated and unsaturated. 

From the model tests, some aspects of the durability of bentonite grouting 

will be estimated. The injection pressure for different water content slurries, the 

velocity of penetration and the grouting time required will be determined. The 

permeability before grouting and after grouting will be measured. The pressure 

loss along a fracture as grouting progresses will be monitored. The results can be 

used to estimate the possibility of injecting the grouts into sub-fractures and how 

far the grout can penetrate. The pressure in the fracture is the injection pressure 

for sub-fractures. The uniformity of penetration will be observed. 
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— Injection Pressure 
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\ Aperture \ 

Bot-tom r*e ffl e r-voix' 

Figure 1.1: Schematic representation of model test for bentonite grouting 
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The grouting-test for a single fracture in tuff is to use model test results to the 

real fracture situation to study the grout ability with bentonite suspension, and to 

study the sealing performance of bentonite sealant. The laboratory set up and 

investigation areas for injecting bentonite slurry into a single fracture in tuff will be 

similar to the model test and to those given by Schaffer and Daemen (1987, Ch. 4. 

pp. 55-65) and as shown in Figure 1.2. 

1.3 Scope 

This thesis presents the results from a series of bentonite grouting model r -cs, as 

part of a bentonite fracture sealing program. This stage of the research consists of 

bentonite injection tests into artificial fractures of different apertures with slurries of 

different bentonite concentration under various injection pressures. Flow properties, 

viscosity, shear stress, yield stress and thixotropy of suspensions, are investigated. 

Some fimdamental areas such as channeling in grout, the water flow in ungrouted 

fractures and water flow in bentonite grout are analyzed. 
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£.l 

1. -  Lood frome 5.- Nitrogen gos tonk 

2."Hydroulic hond pump 6." Grouf pump 

3."Hydroulic lifting cylinder 7." Foiling heod permeometer 

4.-Rock »omple 

Figure 1.2: Schematic Drawing of equipment used for fracture permeability testing 
and grouting (after SchafFer and Daemen, 1987) 
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CHAPTER 2 

FLOW PROPERTIES OF BENTONITE SUSPENSION 

2.1 Introduction 

The grouting efficiency of bentonite depends upon the properties of grout suspen-

sious. It is essential to specify as well as possible the conditions under which the 

bentonite slurry may be expected to penetrate into rock fractures and seal all path

ways of water flow. The properties and characteristics of the suspensions should be 

determined in the laboratory. 

Volclay bentonite grout produced by American Colloid Company is used in 

this research program. Volclay grout is a high solids, Na based bentonite powder. 

The grain size and size distribution of bentonite suspension are specified to 

determine which aperture of the fracture the suspension can penetrate for a given 

size composition of bentonite slurry. The particle distribution of Volclay bentonite 

suspension, and the exchangable cations in a bentonite suspension are emphasized 

in grouting engineering practice. The quantity of exchangeable cations controls the 

double layer thickness and the effectiveness of bentonite grouting indirectly. The 

viscosity of bentonite suspension is a controlling factor for pressure grouting, while 

the yield stress determines the required minimum injection pressure. 

This chapter gives the physical properties, chemical contents and the flow 

properties of Volclay bentonite. The test methods for viscosity, shear stress and 

yield stress are also given in this chapter. 
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2.2 Components of Bentonite Suspensions 

2.2.1 Particle Size and Its Distribution 

Particle size distribution is a very important index to measure the grouting efficiency 

of grouting suspensions. In cement grouting, the values of dss and are considered 

as limits of penetration of cement into granular soils. Here, dss and rfis are the 

particle diameters at 85% and 15% of the particle size distribution. Sherard and 

Dunningan (1984) studied the ability of cement grains to penetrate through the 

voids of homogeneous porous media with filter testing, and proposed a model to 

establish the relationship between permeability and particle size of suspension that 

can penetrate; 

Where c?i5 is the diameter of the particle size at 15%, and k  is the intrinsic perme

ability of the porous media. 

According to Sherard's relationship, normal Portland cement can be injected 

into porous media with permeability of 2.3 x 10"^ cm/s, when the Portland cement 

has c?85=0.047 mm and c?i5=0.87 mm. 

Another relationship between permeability of porous media and the particle 

size in grout suspension is established based on Poiseuille equation; a fluid flow in 

capillary of diameter d, has velocity 

y 
V = -T^d 

32/u 
(2.2) 
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Table 2.1: Particle size distribution for dispersed Volclay bentonite 

96 to 97% finer than 44 microns (325 mesh) 
93 to 94% finer than 5 microns 
87 to 89% finer than 0.5 microns 
60 to 65% finer than 0.1 microns 

Where is the viscosity of the fluid, i  is the pressvire gradient and 7 is the unit 

weight of fluid. 

From Equation (2.2), the equivalent pore diameter, dp, corresponding to the 

permeability is given by 

dp = Cy/k (2.3) 

Where C is a constant, 0.06 < C <  0.08 (Cambefort, 1977), and k ,  in m^, is the 

intrinsic permeability. 

Equation (2.3) implies that the largest particle size ds in suspension should 

be less than dp. For fracture grouting, the equivalent diameter may much larger 

than dp, because a fracture has the same permeability of a capillary cluster, and 

has  a  much  l a rge r  ape r tu re  t han  the  po re  d i ame te r  dp .  

Volclay bentonite has extremely fine particles, when dispersed in water. Ac

cording to the above mentioned criteria and to Table 2.1, bentonite suspensions can 

penetrate into fractures with very fine aperture. Table 2.1 is the particle size distri

bution of dispersed bentonite suspension provided by American Colloid Company. 



23 

Table 2.2: Chemical composition of Volclay bentonite grout 

Item Content % 
Mechanically-held water 0.00 
Silica (Si02) 64.32 
Alumina (AL2O2) 20.74 
Ferric Oxide {Fe20z) 3.03 
Ferrous Oxide {FeO) 0.46 
Tianium Oxide {Ti02) 0.14 
Phosphoric Acid (P2O5) 0.01 
Lime (CaO) 0.52 
Magnesia (MgO) 2.3 
Soda (JVa20) 2.59 
Potash (K2O) 0.39 
Sulfur {SO2) 0.35 
Other minor constituents 0.01 
Chemically-held water 5.14 

2.2.2 Chemical Composition 

Volclay bentonite grout consists of 90% montmorillonite, and of 10% of minute frag

ments of other minerals, such as feldspar, gypsum, calcium carbonate and quartz. 

Montmorillonite has the approximate chenaical formula; 

(^Al.Fei_QT.Mgo^)Si40iQ{OH)2-N(^-Ccio_33 

Table 2.2 gives the major chemical components of Volclay bentonite grout 

according to the manufacturer's (American Colloid Company) analyses. Prom Table 

2.2, more than 85% of Volclay bentonite is silica and alvimina. There is about 5% 

of chemically-held water in Volcaly bentonite. 
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2.3 The stability of Suspensions 

2.3.1 Bleeding 

Suspended bentonite particles in dilute water solution at rest settle under the gravity 

force. Some small amount of clear water appears at the surface and is refered to 

as bleeding. If bentonite particles settle in a fracture, a space can be formed in 

the interface between grout and the ceiling of the fracture. Especially in cement 

grout the interface between grout and rock is a potential flow path for water (Pusch, 

1989). 

The bleeding speed depends on the size and shape of the paiticles suspended 

in grout. The settlement velocity is proportional to the square of the particle 

diameter. The particles in suspensions are subjected not only to gravity force, but 

also to electrochemical forces and to attractive forces between particles that cause 

Brownian motion. When the sedimentation velocity of bentonite particles becomes 

lower than that of the Brownian motion, no bleeding takes place at all. In grouting 

engineering, a grout suspension in which particles do not settle at all within 24 hours 

is called stable suspension. A bentonite suspension is quite stable if the suspension 

has more than 23 % of bentonite. The test results for bleeding properties of Volclay 

bentonite grout axe given in chapter 6. 

2.3.2 Chemical Cation Exhange 

Volclay bentonite has base exchange properties as do other kinds of bentonites. 

Table 2.3 gives the major exchangeable cations in water solution. Volcaly bentonite 

gives up sodium and potassium ions and takes in calcium and magnesium ions, 

when water is added. 
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Table 2.3: Base exchange for Volclay bentonite 

Item Content 
(meq per 100 gms.) 

Sodium 60 to 65 
Potassium 1 to 5 
Calcium 15 to 20 
Magnesitmi 15 to 20 
Sum-corrected for sulphates 85 to 90 

The amornit of exchangeable cations indicates the ability of swelling. The 

greater the ability of the bentonite grout to swell, the more hydraulic conductivity 

reduction of grouted fracture can be expected. Otherwise, when sodium cations are 

replaced by calcium, the permeability of bentonite barrier will be slightly increased. 

After cation exchange, the ability of swelling of grout decreases. For sodium mont-

morillonite grout, the void ratio of grout has relatively small increase when sodium 

is replaced by calcium and potassivim. When the applied stress is more than 0.1 

MPa, the permeability of the sodium and calcium bentonite is essentially no differ

ence (Grim, 1962, p. 243). The amount and the rate of cation change depends on 

the chemical composition in the fluid flowing through and in the rock the fracture 

hosted. 

2.4 Yield Stress and Viscosity of Bentonite Suspension 

The viscosity of bentonite suspension is a main control factor for grout movement in 

a fracture. Viscosity is a measure of the internal friction of a bentonite suspension. 

Viscosity also produces shear resistance of the bentonite grout flow dviring pressure 

grouting. A low viscosity suspension can easily penetrate into a frax:ture and can 

be expected to reach a long distance. For a grout suspension composed of coarse 

grains, a low viscosity means that it can not penetrate a long distance, because it 
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is easy for the coarse grains to settle and block the way of penetration. A high 

viscosity grout usually requires a high injection pressure. 

The yield stress is a rheological property. Bentonite suspension behaves sig

nificantly as a non-Newtonian fluid. It will not flow until a certain injection pressure 

is applied. Yield stress can help determine whether a pump has sufficient power 

to start the pressure injection or determine the breaJcthrough pressure required for 

grouting. 

Both the viscosity and the yield stress increase almost exponentially with 

bentonite concentration in the suspension. 

2.4.1 Apparent Viscosity of Volclay Bentonite Suspension 

The apparent viscosity of Volclay bentonite suspension is sensitive to bentonite 

concentration, mixing speed, shear rate and gel time as well as temperature. It 

is hard to say what the viscosity of a bentonite suspension is without specified 

measurement conditions. 

Bentonite suspensions in water containing less than 1% of solids are gen

erally free-flowing fluids showing no unusally flow properties (Jones, 1963). For 

5% of Volclay solid, the viscosity of bentonite suspension is about 5 to 10 cen-

tipoises, and is 10 to 20 centiposises for 6.25% solid. For the suspension has higher 

bentonite concentration, viscosity varies significantly with bentonite concentration. 

For the suspensions with bentonite concentration from 11% to 23%, the viscosity 

increases from 835 centipoises to 7500 centipoises at a shear rate 60 rpm, and from 

9780 centipoises to 100625 centipoises at a shear rate 1.5 rpm. Table 2.4 gives the 

approximate values of viscosity at different shear rates and different bentonite con

centrations. The samples used for viscosity measurements are mixed at the speed 

of 12,000 rpm under room temperature of 25°C. The resvilts of flow property tests 
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Table 2.4: Viscosity of bentonite grout 

Bentonite Apparent viscosity (centipoises) 
concentration 60 30 12 3 1.5 

(%) (rpm) 
0 1 1 1 1 1 
.5 5-10 5-10 5-10 5-10 5-10 

6.25 10-20 10-20 10-20 10-20 10-20 
11 835 1330 2440 6160 9780 
15 3250 5230 10500 28860 47840 
19 6050 9990 19730 52780 87120 
23 7520 12250 23325 61810 100625 

will be given in Chapter 6. In Table 2.4, the viscosity values of 5% and 6.25% ben

tonite concentrations axe given by mcinufacturer (Physical characteristics of Volclay 

bentonite, undated). Figure 2.1 gives the viscosity of Volclay suspension changes 

as a function of bentonite concentration and shear rate. 

The mixing speed has a strong influence on viscosity of bentonite suspensions 

as reported in chapter 6. Mixed at low shear rate, bentonite particles are not well 

dispersed in water. So bentonite suspension has a low viscosity. For mixting a 

suspension with a higher bentonite concentration, a higher mixing speed is needed. 

Jefferis (1982) points out that the apparent viscosity of bentonite slurries 

continually increases with time imtil 3 years of mixing. Figure 2.3 indicates that at 

finishing the mixing the suspension has a low viscosity due to some bentonite parti

cles axe not dispersed. Then the suspension undergoes a rapid viscosity increasing 

along with the particle dispersing. After the particles dispersed entirely, the coarse 

particles are settled. The concentration of solid material in suspension is decreased. 

So the viscosity of the suspension decreases rapidly with the settlement time. After 

that the suspension undergoes a lightly viscosity increases due to the thixotropy 

properties of bentonite clay. It is resonable to divide the viscosity change with time 

into three periods: dispersing period, in this period the viscosity of suspension in-
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Figure 2.1: The relationship between the viscosity of bentonite suspension and the 
solid concentration at different shear rate. 
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Figure 2.2: Viscosity of bentonite suspension changes as the gel time. 

creases rapidly; after the viscosity reaches the peak viscosity, the suspension goes 

into settlement period, the viscosity of suspension decreases at high speed; the third 

is thixotropic period. The injection time should be properly selected to avoid the 

suspension has a high viscosity or the suspension has not totally dispersed and has 

a large clod size. K the grouting is for a wider aperture, the injection time may be 

suitable at the time just finished the mixing. 

• 
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2.4.2 Shear Stress and Yield Stress 

The sheaj stress of bentonite suspension varies with shear rate and solid concentra

tion, as shown in Figure 2.4. Shear stress increases with the bentonite concentration. 

Shear stress decreases with the shear rate decreasing at power function. The yield 

values indicated in Figure 2.4 increase with the bentonite concentration. That im

plies that breakthrough pressure will increase with the thickness of the bentonite 
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Figure 2.3: Shear stress as a function of shear rate and of solid concentration in 
bentonite suspension. The yield values axe given when shear rate is zero. 

suspension. 

2.4.3 Thixotropy 

A thixotropy of the bentonite suspension is that which undergoes a decrease in 

viscosity with time, while it is under constant shearing rate. In other words, at rest 

bentonite suspension undergoes thixotropic gelation. It is due to a small increase 

of strength caused by electrochemical forces octing among the suspended bentonite 

particles with equal electric charges. This gelation is quite reversible, and the liquid-

gel transformation may be repeated indefinitely. The strength of the thixotropic gel 

formed by bentonite suspensions is strongly dependent on the setting time, the solid 

concentration, and the chemical composition of the suspending fluid (Jones, 1963). 
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Figure 2.4: Thixotropic properties of bentonite suspension. 

Figure 2.4 illustrates the thixoytropic properties of bentonite suspension. That 

indicates that the viscosity of bentonite suspension decreases with time rapidly. 

So a suspension should be properly stirred before pressure grouting in order to be 

penetrated easily or can be injected at low pressure. The time interval between 

after finishing mixing and injection should be as short as possible. 

2.5 Swelling and Shrinking of Montmorillonite 

Bentonite undergoes a great volume change when the moisture content is changed. 

When moisture content of bentonite increases, the bentonite will result in swelling; 

when it decreases, the bentonite will be caused shrinkage. The swelling properties 

of bentonite grout can guarantee a aperture complete filled. This is a very impor

tant factor to decrease the hydraulic conductivity of a grouted fracture. Especially, 

if bentonite suspension can keep proper swelling properties after injected into a 
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fracture, that will increase the water tight of the fracture greatly. Shrinkage of ben-

tonite suspension may be the main shortage of bentonite grouting. Bentonite grout 

shrinkage can form channels in the fracture. That may be a potential pathway for 

water flow. When the water moisture can be kept, this shortage can be elinainated. 

The rate of swelling and shrinkage of bentonite depends on the content of 

morillonite, specific surface area of its particle, structure of bentonite, pore-water 

salt concentration, valence of exchangeable cation. Volclay absorbs nearly 5 times 

its weight of water. At full saturation, Volclay occupies a volume 12 to 15 times 

its dry bulk. The swelling of bentonite is reversible. On drying swelled bentonite 

shrinks to its original volume. If the water used is fairly pure, Volclay bentonite 

can be swelled and shrunk an infinite number of times. 

The swelling of bentonite results from the increase in the thickness of the 

diffuse layer as mixed with water. Bentonite does not swell in alcohol, gasoline 

and similar liquids, and swells only slightly in solutions of strong chemicals, such 

eis acids, alkalies or salts. So some chemicals can be used as additive to prevent full 

swellings in grouting. Bentonite absorbs water and swells faster in high temperature 

than in cold. 

2.6 The measurements of viscosity and shear stress of bentonite sus

pensions 

It is difficult to measure the viscosity and shear stress for a bentonite suspension, 

because the flow properties of bentonite slurries appear complicate, and are sensitive 

with time, mixing speed, solid concentration, type of the water, time of stirring, in

terval between mixing and testing and temperature. One apparatus is not enough to 

get ideal results. In this research program, two measurement methods are adopted. 

One is recommended by American Colloid Company by using Fann Viscometer. 
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Another method is by using Brookfield digital viscometer and asociated data ac

quisition system. In the first method, the high shear rate is adopted, while in the 

second one the low shera rate (0.1 to 50 is used. The Counter-rotatting mixer 

is used in both Fann and Brookfield viscometer method. 

The test procedure for viscosity measurement with Fann viscometer is given 

in Appendix A. In this method, the shear rates to be used decide apparent viscosity 

and shear stress are 300 rpm and 600 rpm. The viscosity of a grout suspension is 

usually not in the range of the viscometer can measure for both 300 rpm and 600 

rpm shear rate due to its high viscosity. In that case, a lower shear rate should be 

used. So it is hard to determine the shear stress and yield stress of a suspension 

properly. For high speed shearing, a thinner film will be formed around the rotating 

cylinder, and a low viscosity is recorded that is far from the true viscosity of the 

grout. Otherwise, the high shear rate may only happen in deliver pipe, and not 

happen during grout penetrating into a fracture. So the viscosity at low shear rate 

may present the real situation when grout moved in a fracture. 

To measure the viscosity of bentonite suspension with Brookfield viscometer, 

it emphasizes the flow properties of bentonite suspension at low shear rate that may 

appear in real pressure grouting. In this method, the shear rates are 0.1 to 50"^. The 

determination of yield stress at very low shear rate is more accurate than that deter

mined under high shear rate. A digital LVTDV-II Brookfield viscometer is used in 

this tests. Brookfield viscometer produces a viscosity record every second. The data 

are collected by computer at the same time. By the way the thixotropy property 

of bentonite suspension can be easy recognized. The "ASTM Standard Method for 

Rheological Properties of Non-Newtonian Materials by Rotational (Brookfield) Vis

cometer" (D 2196-86) is used in this test. When solid concentration of suspension is 

very low or very high, the values of viscosity measured by Bookfield viscometer are 

not stable as reported in chapter 6. That fluctuates around its average values. So 

it is questionable to use Brookfield viscometer to decide the viscosity of a bentonite 
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suspension with a very low and very high low solid concentration for its accuracy. 

Before a test the Bookfield viscometer is calibrated by standard fluids. 
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CHAPTER 3 

WATER FLOW THROUGH UNGROUTED FRACTURES 

3.1 Introduction 

The ptirpose of rock fracture grouting is to form impervious barriers in fractures 

and to reduce the hydraulic conductivity of the fracture. A hydrogeological assess

ment of the effectiveness of the grout performance is used to determine by how 

much the hydraulic conductivity has been reduced, or how water-tight the grouted 

fracture is. This requires a better tmderstanding of the hydraulic conductivity of 

the ungrouted fracture as well as the permeability of the fracture after grouting. 

Here the ungrouted fractvire refers to the artifical fracture in a model. 

The ongoing flow tests in ungrouted fractures indicate that permeability 

of a fractvire varies with injection time. Wentworth (1944) reported the same phe

nomenon. It is necessary to understand the mechanism of water flow in the fracture, 

and to establish a common point for comparison of the hydraulic conductivity prior 

to and after grouting. 

The permeability measurements of fractures axe usually conducted in xm-

saturated conditions, i.e. the model is put in air during flow test, which is more 

complicated than ordinary hydraulic conductivity tests conducted in fully saturated 

conditions. The purpose of running the flow test in unsaturated conditions is to 

simulate the real in-situ fracture environments. The fractvires surrounding an un

derground repository and its shafts, access drifts, emplacement rooms and holes. 
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and exploratory holes that have to sealed may be unsaturated. It is quite possi

ble that similar unsaturated conditions exist for many grouting applications, given 

the indications in many detailed studies of water flow in fractured rock that actual 

water flow is highly localized. 

This chapter briefly reviews and summarizes a few important aspects of wa

ter flow along a single fracture. Bentonite fracture grouting experiments reported in 

later chapters having been conducted on models, and hydraulic conductivity mea

surements prior to and after grouting are based on these theories. A fimdamental 

study of water flow through ungrouted fractures and the influence of air invasion 

on fracture flow is given in this chapter. 

3.2 Fracture Flow Theory 

The fracture flow theory has been established based on the Navier-Stokes equation 

and Darcy's law. Henry Darcy (1856) published an empirical relationship between 

flux of fluid and the pressure gradient: 

q  =  —k^  = k i  (3-1) 
OS 

Where, g=specific discharge or flux, 

fc=hydraulic conductivity, 

/i=pressure head acting on fluid, 

5=length of flow path, and 
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z=hydraulic gradient. 

The derivation of Dacry's law and its relationship to the results of many 

investigators are given by Bear (1972, ch. 5, pp. 161-176). 

Numerous studies have been conducted on fluid flow along single fractures, 

such as Wentworth (1944), Lomize (1951), Balder (1955), Huitt (1956), Parrish 

(1963), Ronun (1966), Louis (1969), Wittke and Louis (1968), Sharp (1970), 

Rayneau (1972), Heise (1973), Wallner and Wittke (1974), Cruickshank (1976), 

Wallner (1976) and Rissler (1978). An extensive review of literature on the subject 

of fluid flow through a single fracture is given by Iwai (1976) and by Gale et al 

(1985). 

3.2.1 Water Flow through Smoothness Fracture 

The movement of water in a fractiu'e depends on the size of the opening, or the 

aperture of the fracttire, and on the roughness of the fracture surfaces. Lomize 

(1951)-worked on the study of the flow between two parallel plates and built a 

famous cubic law to govern the fluid flow through fracture. Louis (1969) derived 

separately the same cubic law as Lomize. Many investigators (Baker, 1955; Huitt, 

1956; Snow, 1968, 1969, 1970; Gale, 1977; Wilson, 1970) have used flow between 

smooth parallel plates as a model to study the flow in fractures. Fluid flow through 

a single fracture is assumed analogous to laminar flow between two perfectly smooth 

parallel plates. The two surfaces of the fracture can conveniently be Eissumed not 

to be in contact at all. The cubic law is given by 

Q = -L 
(2d)^ pg dh 

12/x ds 
(3.2) 
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The volume flow rate Q varies as the cube of opening 2d between the plates. 

L is the geometry parameter of the fracture, dhjds is the fluid head gradient along 

the fracture. 

Witherspoon et. al. (1980) simplified Eq. (3.2) as 

^ = C{2df (3.3) 

Where C is a constant, which in the case of straight flow is given by 

and, for radial flow, by 

C = w P9 
. L .  U f x  

(3.4) 

C = 2ir P9 '  
In (ro/ri)  12/z 

(3.5) 

where W is the width of the fracture, L is the length of the fracture, To is the outer 

radius, and r,- is the borehole radius. 

Fractures have irregularly parallel surfaces due to tension in cooling, non

uniform compression deformation, rough imdulations developed under shear dis

placement and casting of one flow on the surface of another. Recent interest has 

developed in more realistic study of flow through fractures in contact, particularly 

when the contact changes as a result of rock deformation (Tsang and Witherspoon, 

1981, 1983; Tsang, 1984), and when the real fracture surfaces are not parallel. 

Abelin et. al., (1983, 1985), Neretnieks (1985) and Bourke (1987) called attention 
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to the fact that the parallel plates assumption of a single fracture may be incorrect 

for the description of fluid movement through it according to the field experiments 

of solution movement in a single fracture in the Stripa mine. Bourke et. al. (1987) 

demonstrated that flow in a single fracture took place in a limited number of chan

nels that occupy a total area of only about 10 % of the fracture plane. Moreno 

and Neretnieks (1987) performed a ZD experiment in Stripa. 700 of drift were 

covered with 375 plastic sheets to monitor the water flow and tracer concentration. 

50% of the flow takes place in about 3% of the total covered area. More theoretical 

work has been done on taking into accoimt that the aperture in a real fracture in 

fact talies on a range of values by Neuzil and Tracy (1981), and Brown (1984). As 

pointed out by Tsang and Tsang (1989) the wide range of aperture values in a sin

gle fracture gives rise to a very heterogeneous two-dimensional system. One might 

expect the fluid flow to concentrate in a few preferred paths of least fluid resistance. 

See also the highly nonuniform distribution of cement grout observed by SchafFer 

and Daemem (1987). 

3.2.2 Water Flow through Rough Fractures 

Real fractures are not necessarily smooth paxallel plates. They are rough and con

tact each other at discrete points (Gangi, 1978; Brown and Scholz, 1985; Brown, 

1987; Tsang and Witherspoon, 1981). A number of researchers have investigated 

the effect of roughness on flow in fractures, such as Lomize (1951), Baker (1955), 

Huitt (1956), Louis (1969), Maini (1971), Parrish (1963) , Rayneau (1972), Rissler 

(1978), Romm (1966), Sato et al (1984), Gale et al. (1985) and Brown (1987). Gale 

et al. (1985) provide an excellent literature survey for flow through rough fractiures. 

Methods widely used to study the flow in rough fracture are empirical (e.g. 

Lomize, 1951; Huitt,1956; Louis, 1969; Witherspoon et al., 1980), statistical (e.g. 

Tsang, 1984; Brown, 1987) and numerical methods (e.g. Sato et al., 1984). 
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Lomize (1951) and Huitt (1956) studied fluid flow through a simiilated rough frac

ture. They glued sand grains on a parallel plate model to investigate the flow 

characteristics as influenced by friction factor and Reynolds ntunber due to the 

roughness of the fracture surfaces, both in lamilar and in turbulent flow regimes. 

Parrish (1963) cemented uniform diameter glass beads on two flat glass plates to 

simulate rough fractures. In Parrish's experiments the two rough plates are in con

tact. Balcer (1955) conducted a study on models made of concrete with the surface 

roughness determined by the sand-cement mixture, as did Louis (1969). Rissler 

(1978) used a model made of lucite plates with a uniform machine-cut roughness 

on the surface of the plates. Huitt described the fluid behavor in rough fractvires in 

terms of Faiming's friction factor /, which relates to the Reynolds number: 

(3.6) 

or 

2APgd 

^ ~ LpU^ 
(3.7) 

Where 

(3.8) 
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Re is the Reynolds number, 2d is the aperture of the fracture, AP is the pressure 

differential, fi is the absolute viscosity of water, p is the density of water and U is 

the average velocity of water flow in the fracture. 

Lomize (1951) introduced the concept of defining the roughness in terms of 

the absolute height, e, of the asperities and developed the empirical equation: 

Huitt (1956) introduced an empirical relation between the friction factor and the 

relative stirface roughness for flow in rough-surface fractures based on a comparison 

with those of Nikuradse (1932) for circular conduits. The friction factor given by 

Huitt is 

Witherspoon et al. (1980) introduced a fracture surface characteristic factor 

/ into the cubic law to extend Eq.(3.2) to be used for flow in a rough fracture. 

Eq.(3.2) becomes 

(3.9) 

(3.10) 

(3.11) 
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Figure 3.1: Discretized model for water flow in a rough fracture, after Neuzil and 
Tracy (1981). 

Stochastic Method 

In the stochastic method, the variable fracture apertures are discretized into a 

number of segments. Each segment has a constant aperture 6,-, as given in Figure 

3.1, and can be described by the fracture frequency distribution. This method 

assumes the aperture is constant along the flow direction, i.e. the openings of 

the fracture vary only in the direction normal to the externally imposed hydraulic 

head, resulting in fluid movement along straight parallel flow paths. Neuzil and 

Tracy (1981) proposed a modified cubic law for flow through a rough fracture, and 

Eq.(3.2) becomes: 

Tsang (1984) proposed a model addressing the fact that the flow paths are 

tortuous channels along the flow direction, as well as that the fracture width varies 

(3.12) 
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Figure 3.2: Single fractures having the same irregularity and roughness, after Sato 
et al. (1984). 

in the direction normal to the flow path. He investigated the effect of path tortu

osity and connectivity on fluid flow rate through a single rough fracture by placing 

electrical resistors in the fracture to monitor the aperture frequency distribution. 

Numerical Method 

Sato et al (1984) studied the character of flow in rough fractures in terms of numeri

cal analysis of the stream function in some idealized channel, based on Navier-Stokes 

and vorticity equations, as indicated in Figure 3.2. 

Sato et al established a new permeability formula by consideration of the 

roughness, the tortuosity and the width of a single channel in a fracture. They 

simplify the roughness fracture profiles as a sine-wave wall with wave length L, 

amplitude 2q;, and mean width d. The permeability for water flow through a rough 

fracture is then given by: 
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k = ^  jr (3.13) 
12(1 [l + A(Cx"d"-2)tJ 

where d is the mean width of the fractiire, x is the relative wave length x = L/d, 

A, C are constants detern;uned by spectrum analysis of the roughness of the walls 

of the fracture,  as is  exponent n. 

This method based on the relative roughness, the relative wave length, the 

phase angle, the mean opening width and Reynolds number of a fracture, sissumes 

the precence of vorticity and may be especially suitable for the flow in a fracture 

that is subjected to a high pressure gradient. 

3.2.3 Radial Flow in a Fracture 

In practical fracture grouting radial flow in a fracture must be considered as one 

of the most important aspects of groundwater hydrology. Standard field testing of 

grouting as well as pump tests and packer test are analysed based on radial flow 

concepts. The laboratory tests for bentonite grouting are conducted with radial 

flow both before grouting and after grouting. 

The main contributors to the mathematical analyses of radial flow are Baker 

(1955), Maini (1971), Iwai (1976) and Rissler (1978). Bawden and Roegiers (1979) 

give an entire derivation of the formulas of radial flow. 

Radial fracture flow is more complicated than flow in straight flow paths, 

because the pressure head and flow speed vary in the radial direction. Even if the 

flow velocity is very low at a far distance, the velocity close to an injection hole 



45 

Borehole 

N 

Fracture 

Figure 3.3: Radial flow in fracture 

may be very high. The flow may turbulent up to some radius, e. g. the dashed 

area shown in Figure 3.3 (Baker, 1955; Bawden and Rxsegiers, 1979). In radial 

fracture flow, it is usually assumed that the fracture has uniform aperture, very 

small compared to its lateral dimension and is in a horizontal plane. The hydraulic 

conductivity of a fracture in radial flow is given by 

where, Q is the flow rate, Ah is the head difference, is the dynamic viscosity, p is 

the fluid density, g is the acceleration of gravity, and and Tq are the radii of the 

inner and outer flow boundaries. 

From Eq.(3.1) and Eq.(3.3), according to the cubic law, the hydraulic con

ductivity for a parallel-plate fracture is: 

(3,14) 
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(3.16) 

The equivalent fracture aperture (2d)  can be computed from Eq.(3.14) and 

Eq. (3.15): 

3.3 Effective Aperture and the Infiuence of Air Invasion on Fracture 

The hydraulic conductivity of ungrouted fractures is measured with the constant 

head method in an imsaturated boundary condition, i.e. the models axe put in air. 

The flow properties and transport of water through fractures are sensitive to fracture 

aperture and to roughness of the fracture surface, and are time dependent. Wang 

and Narasimhan (1985) point out that, in an unsaturated situation, the invasion 

and percolation of air into moving liquid is controlled by the distribution of fractures 

and is related to aperture. If the air phase succeeds in isolating the water path into 

islands with liquid held by capillary force aroimd the model, the water flow will be 

blocked. 

Wentworth (1944) studied the flow of different fluids (distilled water, tap 

water, solution of boric acid and borax, xylol and mercury) through a thin crack in 

rock, and found that the hydraulic conductivity changes with injection time, except 

for mercury. In a thin crack of less than 0.1 mm aperture the flow of water imder a 

constant head over 10 to 100 hours systematically reduced to values as low as 1/100 

or 1/1000 of the initial rate. 

(3.16) 

Flow 
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The hydraulic conductivity changes as a function of flow test time can be 

interpreted as due to growth of adsorbed molecular films on the walls of the fracture 

(Wentworth, 1944), which decreases the cross-section of fluid flow (Nutting, 1943), 

and due to accumulation of air bubbles induced from the outer edge of model and 

due to adsorbed air from water when the speed of water becomes very low. For 

radial flow, the flow speed decreases along the radial direction. So air bubbles first 

concentrate in the fracture close to the outer edge, then develop toward the injection 

hole, as indicated in Figure 3.4. The settlement of organic materials in the injected 

water also plays the role of blocking the water flow. Wentworth (1944) points out 

that another possible cause of retardation of flow at a constant head is an increase 

in viscosity. Experiments confirm that the surface rigidity of water increases with 

time of standing (Gumey, 1908, cited by Wentworth, 1944). Otherwise, most fluids 

have high viscosity at low rate of shear (Duff, 1905, cited by Wentworth, 1944). 

Electrolytic forces and the presence of electrolytes may be essential to the formation 

of the film, especially for the model made of acrylic plates. 

Since growth of the adsorbed water molecular film, the accvunulation of air 

bubbles and the sedimentation of organic materials in the fracture decrease the cross 

section of water flow, it is necessary to introduce the concept of effective aperture 

in the calculation of hydraulic conductivity in the flow testing of an ungrouted 

fracture. 

3.4 Mathematical Model to Predict Permeability Changes with Injec

tion Time 

In the model tests, air bubble accumulation is observed in the fracture, as shown 

in Figure 3.4. The flowpath becomes discontinuous and the hydraulic conductivity 

decreases with the test time. Figures 3.5 through 3.9 give the equivalent apertures 

as a function of test time. Results of tests SPM-1, SPM-2, SPM-3, SPM-5, SPM-6 



Figure 3.4: The accumulation of air bubbles in a fracture. Arrow indicates the 
accumulated air bubbles. 
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and SPM-7 can be described by exponential functions. From Figures 3.5 through 

3.9, the aperture change with time due to the molecular film growth is given by 

4 = (t > 0) (3.17) 

de = do, when < = 0 

where be is effective aperttire, do is the true aperture of the fracture, Uo is the initial 

velocity of water flow in the fracture, -A is a constant related to rate of velocity 

decrease, and C is a constant related to the fracture roughness and the physical and 

chemical properties of the fracture material  and air  bubble concentration.  Here,  A 

= 0.5-1.5, and C = 0.35. 

The hydraulic conductivity for an vingrouted fracture in terms of effective 

aperture can be expressed as: 

By combining Equations (3.17) and (3.18), the hydraulic conductivity in an un-

grouted fracture becomes; 

Equation (3-17) is based upon the data fitting of the flow testing results then 

derived from parameter analysis. Equation (3.17) and Figure 3.4 indicate that the 

(3.18) 

^AUo+C) (3.19) 
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main contributor for effective aperture reduction is the accumulation of air bubbles. 

Prom Figures 3.7 through 3.10, the effective apertures are stable after 400 hours. 

Equation (3.17) and (3.18) or (3.19) are only valid when the fracture does not 

deform or the aperture is uniform during flow testing. 

3.5 Permeability Measurement in the Laboratory 

A falling head method is used to determine the equivalent aperture of a fracture, 

as shown in Figure 3.11. For flow testing of an ungrouted fracture the model is put 

in air to simulate the real fracture conditions around a nuclear waste repository. 

The hydraulic conductivity along the fracture is measured under a pressure head 

of 2.2 m. The test is continued for as long as is needed to reach a stable flow rate, 

which takes a few hours to several days. For measuring for a smaller fracture, that 

requires a long test time period, a dummy buret is installed to measure evaporation. 

In hydraulic conductivity tests, laminar and parallel water flow through 

smooth surfaces is assumed. For radial flow, the equivalent aperture for parallel 

and smooth fracture surfaces determined by falling head test is bcised on Eq.(3.14) 

given by Shaffer and Daemen (1987): 

2d=: 
In  {Hi /H2)  rpn  {ro /r i )  6/u 

(<2 -  ̂i)  P9 
(3.20) 

where pg is unit weight of water, fi is the viscosity of water, Hi and H2 are pressure 

head differences at beginning and end of test, <1 and are the time at beginning 

and end of the test, rj is the buret radii, and r,,, r; are outer and inner radial of a 

radius flowpath. 
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Figure 3.5: Effective frax:ture apertvire as a function of time for water injection in 

Test SPM-1. 
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Figure 3.6: Effective fracture apertiire as a function of time for water injection in 

Test SPM-2. 
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Figure 3.7: Effective fracture aperttire as a fimction of time for water injection in 
Test SPM-3. 
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Figure 3.8: Effective fracture aperture as a function of time for water injection in 
Test SPM-5. 
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Figure 3.9: Effective fracture aperture as a function of time for water injection in 
Test SPM-6. 



56 

0.0015 

s 0.0010 

0} 
u 

<3 0.0005 -

TEST SPM-7 Before Groutmg 

0.0000 I I  I  I  I  I I  I  I  I [  I  I I  I  I  I  I  I  I  (  I I  I  I  I  I  I  I  I  
0 400 BOO 1200 

Time (Hour) 

Figure 3.10: Effective fracture aperture as a function of time for water injection in 
Test SPM-7. 
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Figure 3.11: Laboratory setup of a falling head method to measure the hydraulic 

conductivity of the fracture. 
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CHAPTER 4 

WATER FLOW THROUGH GROUTED FRACTURES 

4.1 Introduction 

The general objective of the investigation for rock fracture sealing with bentonite 

grouting is to identify suitable bentonite concentration in the grout and to develop 

techniques for sealing fine rock fractures in rock. A hydrogeological assessment, with 

a flow test, of the effectiveness of the bentonite grouting is used to determine by how 

much the hydraulic conductivity of the fracture has been reduced. It is necessary 

to understand the water flow properties in a grouted fracture. It is important to 

identify how the bentonite barriers hold water, and how water is conducted through 

a grouted fracture. An important issue for bentonite fracture sealing is to determine 

how to improve the properties of obstructing water flow in a fracture. It is necessary 

to study the water flow in the grouted fracture fundamentally. 

In this chapter, a brief review of the water flow in bentonite gel is given. The 

physical state of water in grout and water movement in grout are discussed. The 

method to measure the hydraulic conductivity of a grouted fracture is presented. 

4.2 Physical State of Water in Bentonite Grout 

Physical state of water in bentonite grout is not well studied. A limited number of 

investigators who have studied the physical state of water in bentonite plugs and 
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in bentonite buffers can be found (Pusch et al., 1988, 1989). Sawyer and Daemen 

(1987) and Williams and Daemen (1987) give the general discriptions of water in 

borehole plugs. Pusch et al. (1988) studied the influence of the microstructure of 

clay on fracture grouting. An experimental study of transport and microstructure 

phenomenon in bentonite clay has been conducted by Pusch et al. (1989). Two the

ories describe water in bentonite barriers, the double-layer and the microstructure 

theory. 

4.2.1 Double-layer Water 

That bentonite particles electrically attract water is known as the double-layer 

phenomenon. During the formation of clay minerals, Si, Al and Mg are never 

present in the ideal ratios required. Therefore, bentonite particles carry a net 

negative charge. The negatively charged bentonite clay particles create an electric 

field. To balance the negative charge, bentonite particles attract positively charged 

ions. The exchangeable cations are adsorbed on the clay surface. In the dry state, 

^he cations are hdHnfightl^on the clay surface. ̂ When beiitoniteisrrrnxedrwith^vraterr 

the cations go into solution. Isomorphous substitution and dissociation of hydrogen 

from hydroxyl molecules taJce place. Because the adsorbed cations produce a higher 

molar concentration near the surface of the bentonite particles, these cations tend 

to diffuse into the surrounding area where the cations have a low concentration in 

an attempt to equalize the ion concentrations throughout the clay water interface. 

The diffusing tendency of cations and the attraction of the negative electric field 

of the bentonite particles cause a cation-anion redistribution. Cations and anions 

float around bentonite particles, as shown in Figure 4.1. In water, the molecules 

are dipolar, because the hydrogen atoms are non-symmetrically arranged at 105° 

around oxygen atoms, as shown in Figure 4.2. The water molecules have positive 

and negative charges at opposite ends of a rod-like structure. According to Das 

(1983), there are three general mechanisms for the dipolar water molecules to be 
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electrically attracted toward the surface of the bentonite particles (Figure 4.3); a) 

attraction between the negatively charged faces of bentonite particle plates and the 

positive ends of water dipoles; b) attraction between cations in the double layer 

and the negatively charged ends of dipolar water molecules. The cations axe in 

turn attracted by the negatively charged faces of bentonite particles; and c) sharing 

of the hydrogen atoms in the water molecules by hydrogen bonding between the 

oxygen atoms in the bentonite particles and the oxygen atoms in water molecules. 

The double layer refers to the spatial separation of the negatively charged 

bentonite platelet and the positively charged counterions. The layer of positively 

charged counterions can be divided into two layers, as shown in Figure 4.4: an 

adsorbed layer, or fixed layer, and a diffuse layer. The adsorbed layer consists of 

cations strongly fixed at the surface of the bentonite platelet. The adsorbed layer 

and bentonite solid particle play the role of hampering the water flow in a grouted 

rock fracture. The diffuse layer is the adjacent zone of more loosely bound cations. 

Mitchell (1976) points out that the double layer thickness is a function of sur

face charge potential, electrolyte concentration, cation valence, dielectric constant 

of the water and temperature. The double layer thickness Tn is given by: 

Tai = 
DkT 

(4.1) 

where D is the dielectric constant of water, k is the Boltzmann Constant (1.38 

X 10^® erg/°K), Co is the concentration of ions in electrolyte (ions/ cm^) at great 

distance from the surface, e is the unit electronic charge (16.0 x 10"^° coulomb), T 

is the temperature {°K), and v is the valence. 

The double layer thickness increases directly with the square root of the 

dielectric constant and of the temperature. The thickness of the double layer for 
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Figure 4.1: Formation of a diffuse double layer, (a) The dry state. (6) The hydrated 
state, (c) The distribution of positive and negative ions in water with distance 
from the surface of clay micelle bearing net negative charge. Here no is the ionic 
concentration in the bulk solution outside the electrical double layer (after Hillel, 
1980). 
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Figure 4.2: Dipolar nature of water (after Das, 1983). 
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Figure 4.3: Dipolar water molecules attracted by clay particle surface (after Das, 
1983). 
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Figure 4.4: Typical thickness of double layer for a montmorillonite particle (after 
Lambe, 1960). 

montmorillonite is about 210 A, in which the thickness of the adsorbed layer is 

about 10 A, as given by Lambe (Figure 4.4). 

Figure 4.1 indicates that the electrical attractive force decreases with the 

distance to the surface of bentonite particles. If x is the distance between two 

surfaces of clay particles, the force between two parallel surfaces of particle plates 

varies inversely as 1/x^ to 1/x'^ (Das, 1983). So there is a repulsive pressure between 

two parallel bentonite plates. Therefore, the bentonite particles can be suspended 

in water. 

4.2.2 Microstructure to Conduct Water in Bentonite Barriers 

Microstructure is "the phyical nature of a soil accordling to the spatial arrange

ment of its particles and voids" (Bates and Jackson, 1980, p.220). Gillott (1987, 

p.114-134) gives a extensive discussion of microstructures of clays. Pusch et al. 

(1988, 1989) have studied the geometrical arrangement of the phyllosilicate consti-



64 

tutents of a bentonite suspension. The microstructure of clays is considered as a 

main determinant of the hydraulic conductivity and diffusivity of bentonite grouts. 

The microstructure of bentonite suspension is a tortuous network of more or less 

continuous stacks of smectite flakes (Pusch, 1989). 

The concept of microstructure is based on flocculation and dispersion of 

bentonite particles. A dilute suspension of bentonite platelets in water undergoes 

Brownian movement. During random movement, bentonite particles come close 

to each other at distances within the range of interparticle forces. Attractive and 

repulsive forces are present between the bentonite particles. The repulsion forces 

decrease exponentially with the distance of separation between particles. The at

tractive force decreases as the inverse third or fourth power of the distance. If the 

repulsive force is greater than the attractive force, the net resulting force will be 

repulsive. The bentonite particles will settle individually and form a dense layer. 

The settled particles will remain separate from each other. In that case, the ben

tonite particles are in the state of dispersion. Otherwise, if the net force between the 

particles is attractive, the bentonite particles will come together and form flakes. 

The flakes settle at different densities, depending upon the bentonite concentration, 

the amount of exchangable cations and the temperature of the suspension. 

The ability to conduct water depends on the density of the microstructure. 

Figure 4,5 gives a schematic illustration of the Na bentonite microstructure. Differ

ent densities of dispersed particles and flocculated bentonite form microstructures 

of different density. Varied density of microstructure indicates the microstructure 

holds varied amount of water. The water pore aze varies in microstructure. The 

water held by interlamellar space and by dead voids is immobile. Only the water 

hosted by interconnected pores is movable. 
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Figure 4.5: (a) Dense Na bentonite . A) Laxge pore, B) Small void with mobile wa
ter, C) Stack with interlamellax water, D) Interface between stacks. (6) Expanded 
bentonite gel with very thin stacks and practically only external water (after Pusch 
et al., 1988). 
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The water movement in bentonite gel is complicated due to the complex structure 

of poie water. As discussed in section 4.2, the hydraulic conductivity of bentonite 

gel depends to a large degree on the thickness of the double-layer water and the 

microstructure of the grout in the fracture. The thickness of double-layer water 

and the microstructure of grout vary with the bentonite concentration and with 

the environment of the grout, such as temperature, pressure head and degree of 

saturation. 

4.3.1 Voids in Grout 

The hydraulic conductivity of bentonite gel is usually related to or controlled by 

the porosity or bentonite content, as mentioned in chapter 5. The less dense a 

bentonite grout, the more space is available for water flow. For bentonite grout, 

it is not entirely true that the pore space occupied by water is available for water 

flow. Only the interconnected pores that host the free water are available for water 

flow, as shown in Figure 4.6. 

According to the double layer and microstructure theories, it is possible to 

divide the water in the pores of bentonite grout into three layers. Figure 4.6 gives a 

conceptual description for water in a pore. The first layer is adsorbed water. Water 

in this layer is fixed on the surface of the bentonite particle. The second layer is 

the diffuse layer. Water in this layer is partially moveable. The third layer is free 

water. Water in the third layer is moveable. 

Two flow laws govern the water movement in bentonite grout along the flow 

path: flow and diffusion. The water in the diffuse layer moves by diffusion, and 

that in the free water layer obeys Darcy's law. 
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The amount of water adsorbed by clay particles can be calculated by 

Wa = ySsTa (4.2) 

where Wa is the amoimt of water adsorbed by clay particles (g/g), Ss is the specific 

area of clay particles (cm^fg), 7 is the unit weight of vfa.tev{g/cm^), and Ta is the 

thickness of the adsorbed layer (cm). 

Montmorillonite has a large specific surface area (700-800 m^/g, Koorevaar 

et al., 1983). Montmorillonite particles have lateral dimensions of 1000 to 5000 

A with thickness of 10 to 50 A (Das, 1983). According to Equation (4.2), when 

b e n t o n i t e  p a r t i c l e s  a r e  e n t i r e l y  d i s p e r s e d ,  t h e  b e n t o n i t e  p l a t e l e t s  c a n  a d s o r b  0 . 8  g / g  

of water. Here the thicknesses of adsorbed water is 10 A. If a part of the water in 

the diffuse layer is considered as immobile, the bentonite particles can hold more 

water. The porosity of the grout in a fracture that can conduct water flow, to be 

refered to as the effective porosity of the grouted fracture is 

<f^e — 9^ (*^6 "1" '^tu;) (4.3) 

Where is the effective porosity of the bentonite filled fracture, (j> is the porosity 

of the fracture, <j)b is volume fraction of bentonite , and (t>iw is the volume fraction 

of immobile water. Equation (4.3) indicates that the effective porosity of a grouted 

fracture is much smaller than the real porosity. 
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Figure 4.6: Conceptual expression of water in a void in bentonite grout, Layer 1 is 
adsorbed water, Layer 2 is diffused water, and Layer 3 is free water. 

4.3.2 Influence of Bentonite swelling on Hydraulic Conductivity in 

Grouted Fracture 

In the calculation of the hydraulic conductivity of a grouted fracture, given in 

Appendix B, the bentonite grout in a fracture is treated as a porous medium. The 

assumption of Daxcy's flow in a grouted fracture is used in this calculation, so a 

term indicated as equivalent aperture is given in Appendix B. The bentonite swelling 

pressure in a grouted fracture is omitted in order to simplify the calculation. In 

fact, the swelling of the bentonite in a fracture takes as long as ten days for a high 

bentonite concentration grout (Figure 6.21). It is usual that no inflow is observed 

for the flow testing in the first two to five days. For high bentonite concentration 

grout, the upwards flows (i.e. outflow instead of inflow) are recorded. The reason 

for no inflow or even reverse flow may be bentonite swelling. When the swelling 

pressure equals the injection pressure, water flow does not happen. When the 

swelling pressure is greater than the injection pressure, the bentonite will take 



water from the reservoir, causing uptake flow. 
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4.4 Laboratory Test of Hydraulic Conductivity for Grouted Fracture 

The same falling head method as used for measurement of hydraulic conductivity 

of an vmgrouted fracture is adopted to determine the permeability of a fracture 

after grouting. The laboratory setup for the permeability testing of a fracture is 

given in chapter 3 in Figure 3.11. Two boundary conditions axe designed to test 

the water flow through a grouted fracture. The first one is to put the model in 

air to simulate tmsaturated fracture conditions in the field. Another one is to 

immers the model in water. This attempts to identify the difference of the water 

flow through a bentonite suspension in a fully saturated fracture and in a partially 

saturated fracture. Another purpose is to investigate the water evaporation from 

the fracture exposure aroimd the outer edge of a model. A very small pressure 

head is applied for flow testing to prevent disturbing the grout in the fracture. A 

high pressure head will cause fracture widening. The structure of bentonite gel in 

a fracture will be damaged when the pressure head is high enough. In that case, 

the hydraulic conductivity measured will not be the real one. The testing time is 

as long as possible to estimate the permeability changes with time or to estimate 

the longevity of the performance of bentonite fracture grouting. 

The extremely low permeability of bentonite barriers in a fracture makes the 

water flow through a grouted fracture very low. It also increases the difficulty to 

measure the real permeability of a grouted fracture. In the laboratory conditions, 

the evaporation of water from the injection pipette is unavoidable. The laboratory 

test results indicate that if the quantity of water evaporated from the injection 

pipette is considered as a inflow of a fracture, the part of the hydraulic conductivity 

of the fracture caused by this inflow is in the level of 10"^ cm/s. It is very high 

comparied with the flow test results of 10~® cm/s level for grouted fracture. The 
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evaporation rate changes from day to day and hour to hour and is haxd to estimate 

exactly, and the inflow of a grouted fracture for flow testing is difficult to correct 

properly. 
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CHAPTER 5 

FRACTURE GROUTING WITH BENTONITE SLURRIES 

5.1 Introduction 

Bentonite has an extremely low permeability, a self-healing ability and longevity 

demonstrated in nature, and has therefore been selected as a major sealing com

ponent in several repository concepts. Bentonite grouts may be used to form im

pervious zones surrounding a repository, and particularly to from repository seals. 

Bentonite used as a grouting material has the following main advantages, 1) small 

size particles, which can be injected into minute fractures or voids, 2) suitable wa

ter absorption properties, so that bentonite can produce gels at low concentrations, 

and 3) stable physical and chemical properties, which may be expected to ensure 

longevity for bentonite seals. 

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

known. Cement-bentonite grouting has been conducted by numerous investigators 

(e.g. Benzekri and Marchand, 1978, Jefferis, 1982, Deere, 1982, SchafFer and Dae-

men, 1987). Some information about the physical and chemical properties of ben

tonite grouts is available, such as flow properties and yield gradients determined by 

Marsland and Loudon (1963), chemistry and flow properties (Jones, 1963), effects 

of mixing on bentonite (Jefferis, 1982), chemical and physical stability of bentonite 

grout and its longevity (Pusch et al., 1988), viscoplastic behavior (Hicher, 1988) and 

erosion possibilities (Boisson, 1989). These research results can be used to guide 

this investigation directly or indirectly. 
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This research addresses primarily the study of grout distribution along a frac

ture perpendicular to an applied stress or without an applied stress, and the study 

of the effect of grouting injection pressure on penetration and sealing performance 

of the grout. The objective is to assess the sealing effectiveness of hydraulic cutoffs 

of grouted fractures in rock, using permeability measurements. This work includes 

characterizing bentonite grouts, determining the influence of bentonite concentra

tion on the grout compressive strength and establishing the relation between normal 

stresses and permeability of grouted fractures. 

5.2 Bentonite Grouting System 

The bentonite fracture grouting system, shown in Figure 5.1, consists of a fracture 

model, a gas tank, an injection pump and a computer data acquisition system 

as well as pressure and flow measurement instruments. The gas tank is used to 

supply the injection pressure, with helium or nitrogen. The injection pump is 

10 cm in diameter. Its piston displacement is about 15 cm. A DC-DC LVDT 

monitors the volume change, or inflow, of the bentonite suspension in the pump 

during grouting. Four pressure transducers are installed, one for the measurement 

of injection pressure and three, radially distributed along the model, to monitor 

the pressure along the fractiire. The data acquisition system consists of power 

supply, DT2805 data card and a COMPAQ computer to collect data from LVDT 

and pressure transducers. 

The fracture model, made of acrylic plastic, consists of two circular plates 

of clear plastic, an upper reservoir and a bottom reservoir as shown in Figure 1.1. 

The two plates have a thickness of 2.5 cm, an outer diameter of 30 cm and an inner 

hole with diameter of 2.5 cm, refered to as the injection hole. The upper reservoir 

provides a stable grout supply when grouting. The bottom reservoir provides a 

pathway to remove the grout from the injection hole for flow testing after grouting. 
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Figure 5.1: Laboratory setup for bentonite grouting in model test 
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Both the upper reservoir and the bottom reservoir are made of acrylic plastic tubing 

with an outer diameter of 5 cm and an inner diameter 2.5 cm and are glued on 

plates. The heights of the reservoirs are 6 cm and 9 cm respectively. Eights bolts 

placed near the outer edge of the plates assure that the two plates do not move 

during pressure grouting. To provide a uniform and adjustable apertvire, eight 

small piecs of stainless steel spacers are put into the fracture at the bolts. If the 

plates are not parallel, four additional dot-like pieces of stainless steel spacers are 

placed around the injection hole in the fracture. Different thickness spacers provide 

different apertures. 

Prior to a test, the system is carefully calibrated with standard displacement 

and pressure devices. 

5.3 Bentonite Concentration in Grout 

In this research program, bentonite fracture grouting is evaluated as a method for 

reducing the permeability of a fracture. The sealing performajice of bentonite grout

ing is directly affected by the bentonite concentration in the grout. It is necessary to 

estimate what bentonite concentration is suitable under various injection pressures, 

and what bentonite concentration in the gel can reduce the hydraulic conductivity 

to meet the requirements of fracture sealing. 

In this stage of testing, suspensions with bentonite concentration of 9 %, 

15 %, 17 %, 19 %, 23 % and 31 % by weight are used. 
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5.4 Injection Pressure 

The efficiency of grouting depends on providing a sufficiently high injection pressure 

to drive the grout into the fracture as fax as possible. Conversely, the injection 

pressure should be as small as possible to prevent widening of the fracture opening 

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

mass. Nonveiller (1989, pp. 85-96) points out that the grouting pressure required 

depends to a high degree on the saturation pressure of the fracture. Saturation 

pressure is controlled by aperture and porosity of the fracture, roughness of the 

fracture surfaces, flow properties of the grout, strength of the rock mass and degree 

of saturation as well as dissolvable material in the fracture. If a rock fracture has 

a low saturation pressure, the injected grout can only penetrate a small distance 

around the injection hole, and the spacing between the injection holes must be small, 

leading to increased grouting cost and decreased grouting efficiency. For a higher 

saturation pressure fracture, high injection pressures may induce tensile stresses 

around the injection hole that may eventually lead to failure of the rock and develop 

new fractvires or widen fracture openings, when the injection pressure is increased 

to levels in excess of the surrounding ground stress. The flow properties, such as 

viscosity and density, of the grout are also important factors affecting injection 

pressure. In model tests conducted here, if the injection pressure is high enough, 

it will enlarge the fracture aperture and make the grout easy to be penetrated into 

the fracture. So, the injection pressure should be properly determined. 

Two contrary opinions exist on injection pressure, i.e. high pressure grouting 

or displacement grouting and low pressure grouting. European engineers like to use 

high injection pressure to cause fracture widening, which allows the grout to fully 

penetrate into a fracture. When the injection pressure is released, a perfectly sealed 

fracture is formed because the rock springs back and compresses the grout. The 

lower injection pressure or permeation grouting is widely used in American practice 
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to prevent hydraulic fracturing. Wong and Faxmer (1971) point out a method, 

in between the above mentioned methods, that may be acceptable, if the zone of 

hydrofracture is limited to the groimd in the immediate vicinity of the injection 

hole. Dynamic pressure grouting is adopted in field grouting to improve the grout 

penetration (Pusch et al., 1988). 

In this model study, two plates are bolted together. The bolt pressure makes 

that the plates are imder complicated stress conditions. Some displacement and 

movement of the plates take place during pressure grouting. Measurments with 

dial gages indicate that these deformations and plate movements are not significant, 

and that the aperture between two plates can be considered as imiform. During 

pressure injection the assumption that the fracture aperture remains unchanged is 

valid when the injection pressure is low. 

5.4.1 Breakthrough Pressure 

In model tests, a breakthrough pressure is observed. The breakthrough pressure 

gives the minimum injection pressure required for grouting. The breakthrough 

pressure is controlled by the yield stress of the suspension, the ratio of the fracture 

aperture to maximum particle size injection hole length as well by the in-situ stress 

state. 

The bentonite suspension has anomalous flow properties as reported by Jones 

(1963) and in Chapter 2 of this report. The flow of bentonite suspension is governed 

by the Bingham plastic flow equation 

(5.1) 
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where des/dt  is the velocity gradient (sec.~^), r is shear stress {Pa),  and tj is the 

yield stress. 

Equation (5.1) indicates that a minimum shear stress must be exceeded for 

flow to begin. 

Bentonite suspension flow in a capillary obeys the Buckingham-Reiner equa

tion 

Q = 
SljX 

_ 4 \ 
(6,2) 

where Q is flow rate {cm^/sec) ,  R  is the radius of the capillary, P is the injection 

pressure (Pa), fj. is the plastic viscosity of the bentonite suspension (Pa.s), I is the 

length of the capillary and p is given by 

P 
AItj 

(5.3) 

in which tj is the yield stress of the bentonite suspension. 

When Q = 0, there is no injection flow, Equation (5.2) becomes 

p' - IpP' + jp' = 0 (6.4) 

By solving Equation (5.4), the minimum injection pressure is 
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T, 4TfZ P = (5-5) 

In the laboratory grouting tests, the diameter of the injection hole is about 

2.5 cm. The grout flow in the injection hole is similar to that in a capillary. So 

the breakthrough pressure is in proportion to yield stress tj and injection hole 

length /, and in inverse ratio to the injection hole radius. The relationship between 

yield stress of bentonite suspension and breakthrough pressure will be established 

in future study. 

When the particle size of dis is larger than the fracture aperture, the aper

ture should be widened by injection pressure to a large enough width so that this 

size of particle can penetrate. In other words, if the injection pressure does not 

reach the pressure required to widen the aperture, no flow will take place. This re

quired pressure depends on how much the aperture needs to be widened and on the 

deformation properties of the fracture host material. This pressure also contributes 

to the breakthrough pressure. In in-situ grouting, some of the fractures are closed 

or in partial contact. When grouting, some initial injection pressure is required to 

reopen the fracture. This shut-in pressure is controlled by the in-situ stress state 

and by the stiffness of the rock mass, and is also part of the breakthrough pressure 

for grouting. 

5.4.2 Influence of Fracture Aperture and of Bentonite Concentration 

in Grout on Injection Pressure 

Figure 5.2 and Table 5.1 gives the injection pressure and fracture aperture. No sig

nificant relationship between injection pressure and fracture opening can be derived 

from the conducted grouting tests. In test SPM-7 and test SPM-8, the suspension 
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Table 5.1; Summary of variable test conditions and results 

Test Fracture Injection Bentonite Permeability Channeling 
Aperture Pressure Concent Ungrouted Grouted or 

Number ( l im) (MPa) (%) (cm/s) 10-®(cm/s) not 
SPM-1 9 0.14-0.35 17 4.0-6.2 X 10"^ 4.8-9.9 Y 
SPM-2 11 0.14 19 2.1-10.5 X 10-2 1.7-3.9 Y 
SPM-3 3 1.04 23 0.3-6.7 X 10-" 
SPM-4 4.5 1.24 9 0.6-1.1 X 10-3 
SPM-5 12 0.40 31 6.3-9.8 X 10-3 1.3-7.8 N 
SPM-6 14 0.22 15 1.0-1.6 X 10-2 2.2-7.6 Y 
SPM-7 12 0.40 23 0.3-1.2 X 10-2 1.5-5.6 N 
SPM-8 39 0.47 23 0.7-1.3 X 10-' 1.2-5.8 N 
SPM-9 33 0.15 19 5.4-7.2 X 10-2 4.4-6.4 Y 

has the same bentonite concentration, 23 % by weight. The fracture aperture in 

test SPM-7 is 12 micrometer and the injection pressure required is 0.4 MPa. The 

aperture in test SPM-8 is 39 micrometer and the required injection pressure is 0.47 

MPa. From test SPM-8 and SPM-9, it seems that the bigger aperture needs higher 

injection pressure, but in test SPM-3, a 3 iim aperture can not penetrated by a 

suspension with the same bentonite concentration tmder 1.04 MPa injection pres

sure. This injection pressure difference may be caused by the difference of gel time 

of the suspension before injection. In test SPM-9, the fracture has an aperture of 

33 fim yet the injection pressure of only 0.15 MPa can inject a suspension of 19 % 

of bentonite. More data are needed to identify the relationship between injection 

pressure and fracture aperture. 

The bentonite concentration in grout strongly influences the injection pres-

siu-e, as indicated in Figure 5.2 and Table 5.1. In test SPM-8 and SPM-9, the 

fractures have almost the same aperture, 39/xm and 33 fim respectively. In test 

SPM-9 the injection pressure is only 0.15 MPa for a 19% slurry, but 0.47 MPa for 

a 23% bentonite suspension. In test SPM-2, the fracture has an aperture of 11 fim 

and the injection presstire is 0.14 MPa for injecting 19 % bentonite suspension. In 

test SPM-5, the injection pressure is almost 3 times the pressure required in test 
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SPM-3 for a 31 % bentonite suspension. In test SPM-5, the fracture h?is an aperture 

of 12 fim. 

Kennedy (1958) reports that the cement water ratio has a significant influ

ence on injection pressure. Kennedy discovered that an 0.01 in (0.25 mm) fracture 

aperture can be penetrated at a 24 psi (0.17 MPa) injection pressure with water-

cement ratio of 2.67, at a 50 psi (0.34 MPa) injection pressure with the water-cement 

ratio 1.33, and can not be penetrated at a 100 psi (0.69 MPa) injection pressure 

with further reductions of water-cement ratio. As discussed in section 5.4.1, the 

thicker grout has a larger yield stress, and a higher injection pressure is required to 

drive it into a fracture. A suspension that has a low bentonite concentration can 

more easily penetrate a fracture. A higher bentonite concentration slurry requires 

higher injection pressure. 

5.4.3 Pressure Gradient during Grouting 

The pressure gradient in grouting is determined by the flow resistance of the fracture 

and by the flow properties of the injected fluid. When the pressure gradient is very 

high, the penetration distance of grout will be short. The resistance to flow of 

a suspension injected in a fracture is governed by the Bingham fluid movement 

equation: 

Wittke (1968) gives a simple relationship between injection pressure and penetration 

distance for radial grouting: 

dv 
(5.6) 

(5.7) 
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Figure 5.2: Injection pressure as a function of fracture aperture and bentonite 
concentration in grout. 
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Where p,- is injection pressure, 2d is the aperture of a fracture, tj is the yield 

stress. To is the radius of the injection hole and R is the possible penetration radius 

of grouting. Eq.(5.6) gives a linear relation between injection pressure and travel 

distance of grout. That may be only suitable for a fracture that is uniform planar 

and for an ideal fluid with a viscosity that does not change with the travel time. 

In fact, the injected grout displays thixotropic or rheopexic properties. The flow 

properties change during the grout travel along a fracture as a result of gelation, 

swelling and setlment of particles. Solid grains contained in the suspension may 

block the penetration closer to the injection hole at much higher pressure. 

Fig 5.3 gives pressiure distributions along a fracture during grouting. The 

pressure gradient straightens with time, as observed by Lombardi (1985). Lombardi 

(1985) has obtained a nonlinear injection pressure distribution as shown in Figure 

5.4. When time is infinite the pressure will decrease linearly with the penetration 

distance. Kennedy (1958) also observed that the injection pressure drop along the 

fracture did not follow a straight line. 

5.5 Channeling Phenomena in Grout 

Bentonite fracture grouting in model tests indicates that if the fracture is small 

enough channeling develops in the grouted fracture when the injection pressure is 

released. Channeling provides potential pathways for water, gas and radionuclides. 

Four main factors contribute to this phenomenon: 1) air invasion, 2) entrapped 

air, 3) dissolved air and 4) shrinkage of the bentonite gel that provide a chance of 

breakthrough. 

The capiUaxy and surface tension of the bentonite suspension play an im

portant part in movement of air in the fractvire and in the resulting development 
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Figure 5.3: Pressure distribution along fracture (Test SPM-2) as a function of radial 
distance from the center of injection hole. The time interval is about 50 seconds. 
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Figure 5.4: Injection pressure along the fissure in time (after Lombardi, 1985) 

of channeling. The channels can be referred to as viscous fingering formed by the 

motion of less viscous fluid in more viscous fluid. Here the more viscous fluid is the 

bentonite suspension and the less viscous one is the air. The movement of air into 

the fracture is dominated by surface tension and by the fracture aperture. When 

the bentonite suspension can not wet the model surfaces, its surface tension tends 

to depress the meniscus as shown in Figure 5.5. The capillary force acts on the 

interface of bentonite suspension and air toward the injection hole. 

Figtire 5.5 is a conceptual model of grout penetration in a fracture showing 

schematically the grout element in equilibrium under the injection pressure and the 

surface tension. The grout element does not move when the injection pressure equals 

the radial component of the surface tension. With the injection pressure released, 

the surface tension drives the grout back towards the injection hole. When the 

grout element moves, viscous resistance opposes movement. In fact, the capillary 

force is so small that it is difficult to push all the grout back to the injection hole. 

If a weakness randomly develops on the grout air interface, such as an assembly of 
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lower density particles or density variation, or wetting conditions vary, the capillary 

force can break the surface, and make the air travel through the grout. When the 

driving force and the resistance or friction between the air and bentonite suspension 

reach a new equilibrium, this movement stops. During air travel through the grout, 

the grout is compressed and suffers some unrecoverable displacement. Chaimels are 

left in the grout. 

Many petroleum industry investigators have studied the movement of water, 

oil and gas driven by capillary force through a porous medium (Kussakov, 1967; 

Chuoke et al., 1958; De Haan, 1963). Channel geometry caused by capillary force 

depends on the viscosity ratio of the two viscous fluids in contact and on the wetting 

conditions. Chuoke et al. (1958), as cited by De Haan (1963), have derived an 

equation for the average distance between fingers. 

c is a constant, it is the rate of movement, a is the surface tension of bentonite grout, 

k is the hydraulic conductivity of the fracture, and fn, and [la are the viscosities of 

bentonite suspension and air. 

From Equation(5.8), the channel density developed in a fracture depends 

on the difference in the viscosity of air and of bentonite suspensions, the surface 

tension and the hydraulic conductivity of the fracture. The viscosity of a bentonite 

suspension is strongly controlled by the bentonite concentration, as reported in 

chapter 2. To eliminate the channels in the grout, it is required to decrease the 

water content of the suspensions. 

(5.8) 

When the fracture is very small, the injection pressure causes a larger defor-
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Figure 5.5: Conceptual model of grout penetration along a fracture. P is the 
injection pressure, R{ and Rq axe the internal and the external radius respectively, 
Pc is the surface tension of the bentonite slurry, with normal and radial components 
Pcti and P„. f is the viscous resistance stress, and a is the contact angle of air and 
bentonite suspension. 
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Figure 5.6: Entrapped air near the outer edge of a model fractvire (not to scale). 
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Figure 5.7: Shrinkage fracture pattern caused by drying of a bentonite suspension 
(25% bentonite by weight). 
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mation of the model at the center and a smaller one near the outer edge, and the 

fracture closes tightly at the outer edge. During injection, the air in the fracture 

can not move out because the model is bolted around the outer edge, ajid is com

pressed into a ring inside the outer edge as shown in Figure 5.6. When the injection 

pressure is released, the air moves back and forms the viscous fingers or channels. 

Some air is usually dissolved into the bentonite suspension under high pres

sure, and its volume is compressed. After release of the injection pressure, the air 

recovers its volume and moves as an air bubble driven by back pressure to cause 

channeling. 

Experiments indicate that, if a hydraulic conductivity measurement on a 

grouted fracture is conducted in unsaturated boundary conditions, i.e. with the 

model placed in air, the gel close to the outer edge of the model fracture looses its 

water content and shrinks. Figure 5.9 is a channeling pattern caused by bentonite 

shrinking. It is very diiferent from that caused by air invasion. A new question 

arises from that: what are the flow properties when a bentonite gel has dried, and 

then water is injected? 

5.6 Reduction of the Fracture Permeability 

The reduction of the fracture hydraulic conductivity depends on how many voids in a 

fracture are filled with solid material, or what volume of porosity of the fracture has 

been filled by grouting. In other words, after grouting how much resistance to water 

flow is provided in a fracture. The factors that affect ability of the permeability 

reduction of grouted fracture depend upon the mineral composition, particle-size 

distribution, microstructure, void ratio and exchangable-cation of the grout, upon 

the characteristics of the fluid and upon the degree of saturation. 
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Table 5.1 gives the reduction of hydraulic conductivity for grouted fractures. 

Suspensions with bentonite concentration of 17 % to 31 % can penetrate into frac

tures with 9-39 fim aperture, and can reduce the hydraulic conductivity of fractures 

from the 10"^ to the 10"® cm/s level. The permeability of the grouted fracture is 

not strongly affected by the width of the fracture, because the tested apertures are 

in the groutable aperture range for the dispersed particle size of bentonite. The 

hydraulic conductivity after grouting in test SPM-7 with an apertvire of 13 x 10"^ 

rriTn is similar to that in test SPM-8 with fracture width of 39 x 10"^ mm. The 

grouts have the same bentonite concentration, 23 %. Wether bentonite slurry can be 

injected into a fracture with aperture less than 4.5 microns under regular grouting 

conditions is questionable. 

In bentonite fracture grouting, the bentonite concentration in the grout plays 

a very important role in the reduction of the fracture permeability. Theoretically, 

for permeability reduction grouting, the bentonite concentration in grout should be 

as high as possible. The higer the bentonite concentration, the smaller the pore 

volume in the bentonite barriers, and the more the permeability reduction in the 

fracture. In practice, for a higher bentonite concentration the bentonite suspension 

has a higher viscosity and yield stress that increases the required injection pressure. 

High injection pressure may damage the rock mass and may not be allowed in 

grouting practice. Moreover, it is difficult to mix a suspension with high bentonite 

concentration. It requires a high mixing speed to provide the high shearing action to 

give adequate dispersion and suspension. If the bentonite particles are not totally 

dispersed in the water, the clod size may be very large, and the grout may not 

penetrate into fine frax:tures, or can not be driven at low injection pressure. 

To improve the hydraulic conductivity reduction of a bentonite suspension, 

a possible method is to let bentonite swelling occur in the fracture to form a low 

porosity gel that will provide more resistance to water flow. With bentonite that 

requires a long hydration period, it is possible to inject suspension into a fracture 
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before the bentonite is entirely hydrated, then let the bentonite swell through water 

adsorption in the fracture. In tests SPM-5 and SPM-7, bentonite swelling in the 

fracture is observed. In these two tests, the hydraulic conductivities after grouting 

are the lowest of all the tests. Grouting a more open frax:ture may benefit more 

from this method by injecting a grout of higher bentonite content. 

Another method, proposed in Consulting Engineer (1969), is to put some 

additive into the suspension to coat the bentonite and decrease the initial viscosity 

of bentonite suspension. That can control the bentonite swelling in water and alter 

the pH and polarity of the system. An easy way is to inject a sodium polyphosphate 

water solution followed by injection of a calcium bentonite to cause alternation of 

the clay to sodium form and thus induce swelling in situ. More research is needed 

to confirm that the chemical actions have no influence on the physical and chemical 

stability and hence on the bentonite longevity. 

Dynamic injection may be a possible way to inject suspension with high 

solid content. A relative high dynamic pressure can compress the grout and reduce 

its porosity. Thus, the hydraulic conductivity of the fracture after grout may be 

reduced more. 
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CHAPTER 6 

EXPERIMENTAL RESULTS AND DISCUSSIONS 

6.1 Introduction 

This chapter gives a comprehensive description of the bentonite fracture grouting 

experiments. The bentonite grouting tests are performed on artificial fractures in 

models for different fracture apertures and for different bentonite concentrations. 

A description of the grouting performance is also presented in this chapter. An 

extensive discusion of the flow testing of the fractures, prior to and after grouting, 

is given. The test results are given for viscosity and shear stress of bentonite sus

pension with varied solid concentrations under different shear rates. The bleeding 

testing of bentonite suspensions under rest is reported as well as the testing results 

of viscosity changes responding to mixing speed. 

6.2 Bleeding Test 

Bleeding tests are performed for 5%, 10% and 23% bentonite suspensions by weight. 

Figure 6.1 gives the results. The test procedure is similar to that given by ASTM 

standard C243-85. Having been mixed (see test procedure in Appendix A ), the 

suspension is poured into a 100 cm^ graduated cylinder and let rest. At certain 

intervals of time (depends on the bleeding rate and the time can get reading) the 

volume of clear water segregated on the top of the sedimented of denser suspension 
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is recorded. From Figure 6.1, the suspension with 5 % bentonite content has a very 

high bleeding speed at first 100 minutes, and then has a very low bleeding speed. 

The bleeding stops after 1300 minutes. The suspension with 10 % bentonite solids 

has a extrame low bleeding speed at first and a high one after 800 minutes. No 

bleeded water is observed for the suspension with 23 % bentonite concentration. 

The density of the suspension and the attractive and repulsive force acted between 

bentonite particles may contribute these differences of bleeding velocity. The higher 

the water content the faster the bleeding speed. A conclusion from Figure 6.1 is 

that when the bentonite slurry exceeds the liquid limit (about 600 % water content, 

Jones, 1963), the bentonite suspensions wiU be unstable. 

6.3 Flow Property Tests for the Bentonite Slurry 

The flow property tests include the measurements of viscosity and shear stress at 

different shear rates for the suspensions with different bentonite concentrations. The 

viscosity changes with mixing speed and with gel time are also investigated. The 

Faim viscometer and Brookfield digital viscometer are used in this investigation. 

Suspensions with 11%, 15%, 17%, 19% and 23% of bentonite are tested. The 

suspensions with bentonite solid concentration of 10% and 5% are tested to identify 

their viscosity vary with mixing speed. 

The viscosities of bentonite suspensions over the range of solid concentration 

from 11% to 23% are given in Figure 6.2. The viscosity variation with bentonite 

concentration is already given in Figure 2.1. The shear stresses associated with yield 

values are illustrated in Figure 2.2. Figures 6.3 to 6.5 give viscosity and shear stress 

test results for a bentonite suspension with 11% solids, sample number VSBll-1. 

Figures 6.6 and 6.7 give the test results of VSB15-1, a suspension with bentonite 

solid content of 15 %. Sample VSB17-1 with bentonite solid content 17% is tested to 
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Figure 6.1: Bleeding test results for two bentonite suspensions, Vt is the total volume 
minus the bleeded volume and Vq is the total volume 
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Figure 6.2; The relationship between the viscosity of bentonite suspensions and 
bentonite solid contents 
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study the variation of viscosity and shear stress with settling time. Results are given 

in Figure 6.11. The viscosity and shear stress changes with time for sample VSB19-

1 are given in Figures 6.9 and 6.10. Sample VSB19-1 has a bentonite concentration 

of 19%. Figures 6.11a and 116 are the results for sample VSB23-1 with bentonite 

solid concentration of 23%. 

The experimental results indicate that the viscosity and test time are related 

by a negative power function, that is, viscosity is equal to test time raised to a 

negative constant. The shear stress and testing time are related by a positive power 

function, that is, shear stress is equal to test time raised to a positive constant. The 

viscosity and shear stress measurement for a suspension with lower and higher solid 

content at lower shear rate axe difficult due to the results appear fluctuation (see 

Figures 6.3a, 6.4a, 6.9, 6.10 and 6.11). 

6.3.1 VSBll-1 

Sample VSBll-1 has a solid concentration of 11%, and has been mixed at 12,000 

rpm. The viscosities given in Figure 6.2, Figure 2.1 and Figure 2.2 is immediately 

measured after the suspension is mixed. The results in Figures 6.3 to 6.5 are ob

tained after settlement for 25 hours at 60 rpm shear rate, for 29 hours at 30 rpm 

shear rate and for 52 hours at 12 rpm sheax rate. At that time in the bottom of 

the sample container, some coarse grains beyond the bentonite only are observed, 

which indicates that the bentonite particles may be totally hydrated. The viscosity 

almost does not change with time for the 30 and the 12 rpm shear rates, and fluc

tuates around its average viscosity, as shown in Figures 6.36 and 6.4a respectively. 

When the shear rate is 60 rpm, the viscosity decreases with test time, and has small 

fluctuations. After one hour the viscosity decreases from 45 mPa.s to 30 mPa.s. A 

strong thixotropic property appeared. The slurry appears weakly thixotropy at 

lower shear rates. The suspension probably is so thin that the suspension around 
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Figure 6.3: Viscosity and shear stress results for a bentonite suspension with 11% 
solids. (3a), Raw data, shear rate at 60 rpm. (36) Raw data, shear rate at 30 rpm. 
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Figure 6.5: The test results of shear stress for a suspension with 11% bentonite 
concentration, after fitted. 

the spindle has no significant solid concentration change during it agitated by vis

cometer. Another reason may be that the longer the settling time, the weaker the 

thixotropy of the suspension. The shear stress of this sample has the same tendency 

as viscosity but decreases with shear rate, as shown in Figure 6.5. In Figures 6.4b 

and 6.5, the data are curve fitted. 

6.3.2 BVS15-1 

Sample BVS15-1 has been mixed at 12,000 rpm, and has a bentonite concentration 

of 15% by weight. Before the viscosity measurements the sample has been allowed 

to settle more than 48 hours. A state of entirely hydrated particles may be reached. 
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Figure 6.6: The viscosities of a suspension with 15% bentonite concentration 
changes as a function of test time. 

The viscosity and shear stress are stablely decrease with test time, except for small 

fluctuations at 3 rpm shear rate, as shown in Figures 6.6 and 6.7. The shear stress 

at 60 rpm shear rate appears unusual in the first 400 seconds, and is much lower 

than those at 30 and 12 rpm shear rates. Erroneous results may have been caused 

by failure to record the data after the viscometer turned on for a certain time. 

6.3.3 BVS17-1 

Sample VSB17-1 has a bentonite concentration of 17%, and has been mixed at 

12,000 rpm. This test attempts to identify how the viscosity varies with gelation to 

decide the proper injection time after a bentonite suspension is prepared. The vis-
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changes as a function of test time. 
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cosity measurement is made under no disturbance conditions. The resiilts indicate 

that the viscosity increases greatly during the swelling period (initial 2 hours), and 

decreases rapidly when larger grains settle (2-13 hours), and then increases slightly 

during thixotropic period. For the suspension with 17% bentonite concentration, 

the swelling period is about 2 hours, and the settling period is about 13 hours, as 

shown in Figure 6.8. 

6.3.4 BVS19-1 

Figures 6.9 and 6.10 give the results of test BVS19-1 for viscosity and shear stress 

change with time. Sample BVS19-1 has a bentonite content of 19%, and is mixed 

at 12,000 rpm. The viscosity measurements were conducted after the sample had 

been prepared and settled for 19 hours at a shear rate of 60 rpm, for 39 hours at 

a shear rate 30 rpm, for 41 hours at a shear rate 12 rpm, for 64 hours at a shear 

rate 6 rpm, for 88 hours at a shear rate 1.5 rpm and for 91 hours at a shear rate 0.3 

rpm. The suspension shows strong thixotropy properties. The viscosities and shear 

stresses fluctuate around their average values for shear rates 0.3 and 1.5 rpm. The 

higher the shear rate the less the fluctuation of the viscosity and shear stress. The 

viscosity at a shear rate of 12 rpm has some unusual values in 700 seconds after test 

starting, where they are smaller than at 30 rpm. An error may have been caused 

by incorrected setting of the viscometer. 

6.3.5 BVS23-1 

Sample BVS23-1 has a bentonite solids content of 23%, mixed at the 12,000 rpm 

shear rate. The viscosity and shear stress are measured only at shear rates of 1.5 and 

0.6 rpm due to the limits of the capacity of the LVTDV-II Brookfield viscometer. 

Results are given in Figure 6.11. Fluctuations of viscosity and shear stress are 
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Figure 6.8: The relationship between the viscosity of suspension with bentonite 
content of 17% and gelation. 
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observed. In Figure 6.11, the viscosity and shear stress at the shear rate of 0.6 

rpm show thixotropy properties. At 1.5 rpm shear rate viscosity and shear stress 

decrease little for the first 250 seconds and then undergo a slight increase with time. 

At that time the bentonite in suspension may still be swelling. The viscosity and 

shear stress at 1.5 rpm shear rate was measured after sample was prepared. The 

measurements at 0.6 rpm were made after one week settling. 

6.3.6 Viscosity tests under varied mixing conditions 

The viscosity of the bentonite suspensions changes significantly with the mixing 

speed before the critical mixing speed is reached, as indicated in Figure 6.12. The 

5% by weight bentonite suspension reaches a constant viscosity at a mixing speed 

of about 8000 rpm and the 10% slvirry at about 12000 rpm. It is clear that to mix 

different water content bentonite slurries different mixing speeds are needed. In 

these tests, the FANN viscometer is used. 

6.4 Bentonite Fracture Grouting Tests 

6.4.1 Test SPM-1 

A model cell with a fracture aperture of approximately 8.8 x 10"^ mm has been 

injected with slurry with a bentonite content of about 17 %, as shown in Figiure 6.13. 

The injection pressxire is about 0.14 to 0.35 MPa (20 to 50 psi). The injection time is 

about 2 hours. Before the pressure is released, the grout in the fracture is distributed 

uniformly. As the pressure is released some grout moves back towards the injection 

reservoir and thins out close to the edge of the model. When the injection pressure 

is released, air slowly enters from the outer edge of the model and causes channeling 

development. The channeling is uniformly distributed, as shown in Figures 6. 13 
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Figure 6.12: The relationship between the viscosity of bentonite suspensions and 
mixing speed for different bentonite contents. 
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Figure 6.13: Test SPM-1, After grouting. Model diameter is 29.88 cm. The diameter 
of the injection hole is 2.54 cm. Dark lines are chaimels formed in bentonite grout 
after releasing injection pressure 

and 6. 14. Bentonite suspension does not flow out of the edge of the model during 

the grouting. Therefore the fracture can be treated as a closed fracture. The air 

entry is caused by imbibition due to the appearance of a negative capillary pressure 

at the interface between grout and air. Before the injection pressure is released this 

pressure is balanced by the injection pressure. 

Prior to and after grouting, the hydraulic conductivity of the fracture is 

tested with the constant head method in the unsaturated condition, i.e. the model 

is put in air. Table B.l, Table B.2 and Figure 6.15 give the permeability of the 

fracture before and after grouting. After grouting the hydraulic conductivity of the 

fracture is reduced by almost two orders of magnitude. 
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Figure 6.14: Close up of Channels in the grouted fracture, about 10 cm x 7 cm 
(Test SPM-1) 
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Figure 6.15: Hydraulic conductivity test results for Test SPM-1 
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6.4.2 Test SPM-2 

A bentonite slurry with a water content of 400 % and a density of 1.25 has been 

injected into a fracture with aperture 11 x 10~® mm as shown in Figure 6.16. Table 

B.3, Table B.4 and Figure 6.17 give the hydraulic conductivity before and after 

grouting. The hydraulic conductivity measurement after grouting is conducted 

with the model submerged in water. The injection pressure is about 0.14 MPa and 

a breakthrough pressure is observed. Before reaching the breakthrough pressure, 

no bentonite sltirry penetrates into the fracture. When the pressure exceeds the 

breakthrough pressure, the bentonite suspension flows rapidly through the fracture 

so that it is impossible to measure the penetration velocity. The bentonite slurry 

flows out the model after the breakthrough pressure is exceeded. The pressure 

distribution along a radius of the model is given in Figure 5.2. The flow of bentonite 

slurry is not linear. The pressure gradient straightens out with the time. The 

hydraulic conductivity has been reduced by about 3 orders of magnitude as indicated 

in Table B.3, Table B.4 and Figure 6. 17. Channels as shown in Figure 6.18 form 

after 2 hoiu-s. The channels only appeax from the outside edge and propagate to half 

the distance to the center. The channels remain shorter than in test SPM-1. This 

is probably due to the wider aperture and the less excess air needed to establish 

pressure equilibrium inside the fracture so that less air enters the frax:ture. The 

grout uniformity is almost the same as in test SPM-1. 

6.4.3 Test SPM-3 and Test SPM-4 

The simulated fracture in test SPM-3 has an apertvire of about 3 x 10"^ nun, which 

can not be grouted with 25 % bentonite suspensions up to 1 MPa injection pressure. 

The intent of test SPM-4 is to inject a 10% bentonite suspension into a fracture 

with aperture of 4.5 x 10"^ mm. Up to an injection pressure of 1.2 MPa (180 psi) 



Figure 6.16: Bentonite slurry fracture grout Test SPM-2, After grouting. 
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Figure 6.17: Hydraulic conductivity test results for Test SPM-2 



Figure 6.18: Channel developments for Test SPM-2; (a) 35 min after pressure re
lease. (b) 2 hours after pressure release. 
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no bentonite slurry flows into the fracture. The model used in these tests has a 

tight contact zone around the injection hole and a relatively wider aperture at a 

short distance away from the hole, due to a problem during building of the model. 

Some asperities are in contact along the fracture, blocking the flowpaths. The 

pressures recorded along the fractvire during grouting are zero. For each test, the 

pressurization time lasts about one and a half hours. 

From these tests, it follows that whether or not an aperture has the critical 

size that can be grouted with bentonite suspension needs to be confirmed in the 

future. Data from the manufactvirer indicate that Volclay bentonite has 87% to 

89% of particles less than 0.5 microns in dispersed condition, six times smaller than 

the fractiire aperture. For a porous medium, when the diameter of the capillar

ies dc is 3 times larger than the grout particle size, the voids can be considered 

groutable. According to Equation (2.3) the largest particle size d, should be less 

than dc- However, Nonveiller (1989) points out that a fracture is much wider than 

the capillaries corresponding to the same permeability. So a fracture which has 

the same permeability k as a homogeneous porous medium can be injected with 

stispensions of much larger particle size d, than dc in equation (2.3). 

From this analysis, the fractures in the test models are in the groutable 

range when the bentonite particles are totally dispersed. The problem is that the 

bentonite particles may not entirely disperse in the water, and the clod size may 

be much larger than the dispersed particle size. In other words, static injection 

pressure may not force the bentonite suspension into such small fractures. 

Tables B.5 and B.6 give the flow test results of the fracture before grouting 

for SPM-3 and SPM-4, respectively. 
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6.4.4 Test SPM-5 

A bentonite slurry with a concentration of 31% bentonite has been injected into a 

fracture with a 12 x 10~^mm aperture, at an injection pressure of about 0.4 MPa or 

60 psi. Figures 6.19 and 6.20 are photographs of the grouted fracture. In Figure 6.19, 

the injection pressure is still applied to the fracture, in which some air-filled pores 

appear. After the injection pressure is released. Figure 6.20, the gel redistributes 

and a uniform distribution forms, which indicates the strong self-healing ability of 

the bentonite. No channeling is observed after releasing the injection pressure. From 

flow test results. Tables B.7 and B.8, the inflows are negative in the first 400 hours, 

which indicates that the bentonite suspension swells in the fracture. Figure 6.21 

gives the hydraulic conductivity before and after grouting. The permeability has 

been reduced more than two orders in magnitude. During a 1000 hours flow test, 

the permeability has not changed much. 

No channeling is observed from the time of injection pressure release until 

the stait of the flow test. This is probably because this model has a larger aperture, 

and the bentonite suspension has high density and high viscosity. The hydraulic 

conductivity measurement after grouting is conducted with the model submerged 

in water. 

6.4.5 Test SPM-6 

The model cell used in test SPM-6 has an aperture of 15 x 10~^mm and has been 

injected with 14% bentonite concentration by weight, under an injection pressure 

of about 32 psi or 0.22 MPa. The grouted fracture is shown in Figure 6.22. The 

injection time is about 10 minutes. After finishing injection, the model had been 

submerged in water for one day, with the fracture imder injection pressure. The 

water invasion into the fracture is recorded in Figure 6.23, and is controlled by the 



Figure 6.19: Bentonite slurry fracture grouting Test SPM-5, after grouting. There 
are some discontinuities in the fracture 
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Figure 6.21: Hydraulic conductivity test results for Test SPM-5. 
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Figure 6.22: Bentonite suspension fracture grouting Test SPM-6, after grouting. 

capillary force as mentioned in Section 5.5 and by a small hydraulic head, about 

2.5 cm, around the model in the water container. After the injection pressure 

is released, with the model in air, channeling develops as shown in Figure 6.24. 

From this test it can be seen that the number of channels is larger with smaller 

bentonite concentration in the grout. The less concentrated bentonite grout has a 

lower viscosity, and can more easily be penetrated by air. 

The hydraulic conductivity of the fracture after grouting is tested with the 

model in air. Figure 6.25, Table B.9 and Table B.IO give the results. The fracture 

permeability has been reduced by more than two orders of magnitude. 
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Figure 6.23: Water invasion into the fracture, when the model is put into water 
after grouting in Test SPM-6. 
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Figure 6.24: Channeling developed after injection pressure is released Test SPM-6. 
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Figure 6.25: Hydraulic conductivity test results for Test SPM-6. 
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Figure 6.26: Bentonite slurry fracture grouting Test SPM-7, after grouting. 

6.4.6 Test SPM-7 

The intent of test SPM-7 (Figure 6.26) is to inject a bentonite slurry with 23.4% 

bentonite into a model with 13 x 10~^mm aperture under an injection pressure of 

0.4 MPa. The pressure is released after 16 minutes, when the grouting stopped. 

Some bentonite grout flows out of the model. No channeling developed. Tables 

B.ll and B.12 and Figure 6.27 give the results of hydraulic conductivity testing, 

performed with the model in air. The permeability of the fracttire has decreased by 

two orders of magnitude. From Tables B.ll and B.12, negative inflows can be seen 

in the first 95 hours, which indicates that the bentonite in the fracture is swelling. 
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Figure 6.27: Hydraulic conductivity test results for Test SPM-7. 
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6.4.7 Test SPM-8 

A suspension with 23.4% bentonite concentration has been injected into an open 

fracture with apertvire 30 x 10"^ mm under 0.47 MPa or 68 psi injection pressure. 

The injection takes about 20 minutes. No channelling appeared after the injection 

pressure was released. The hydraulic conductivity test results, tmder unsaturated 

conditions, indicate that the permeability of the fracture has been reduced almost 

four orders in magnitude, as shown in Table B.13, Table B.14 and Figure 6.28. The 

hydraulic conductivity chcinges little with time after 200 hours of flow testing. A 

dry and a semi-dry band appear around the outer edge of the model, which implies 

that the hydraialic conductivity of the fracture after sealing by bentonite grout is 

influenced by evaporation. After more than 120 days flow of testing, the grout in 

the fracture is quite stable except for the outer dried edge. 

6.4.8 Test SPM-9 

A fractvire in the model cell with aperture 33 x 10~^mm heis been injected with 

slurry with bentonite concentration 18.8% by weight under an injection pressure of 

about 0.15 MPa. After the injection pressure is removed, channeling develops in the 

grout, with sparsely distributed but relatively large channels. Figiure 6.29, Table 

B.16 and Table B.17 give the hydraulic conductivity test results. The permeability 

of the fracture has decreased by three orders of magnitude. Diuring 2300 hours of 

flow testing, the hydraulic conductivity decreases slightly with time, but is quite 

stable. 
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Figure 6.28; Hydraulic conductivity test results for Test SPM-8. 



129 

Sf 
. . Test SPM-9 

Aperture 30 x 10"® cm 

Before GrouUng 
After Groutini^ 

I 
soo.o 

n 
1000.0 0.0 1500.0 2000.0 2500.0 

Time(hour) 

Figure 6.29: Hydraulic conductivity test results for Test SPM-9. 
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6.5 Hydraulic Conductivity Test after Grouting 

The hydraulic conductivities of the fractures after grouting are measured by the 

falling head method. The test results are given in previous section and Appendix 

B. 

The grouted fracture has a very low hydraulic conductivity aoad has a fine 

aperture. The permeability testing for a grouted fracture becomes extremely diffi

cult. The outflow can not be collected to be used for water balance analysis. When 

the model is put in air, the grout close to the outer edge of the model often dries. 

Three zones are clearly distinguished from the model, i.e. a dried zone, a semi-dried 

zone and a saturated zone. The dry zone expands towards the injection hole along 

with the testing time and with the decrease of pressure head. In the dried zone, the 

grout shrinks. In the saturated zone, the grout undergoes no apparent change with 

time. The water flow in the saturated zone is saturated flow, and in the semi-dried 

and dried zones is unsaturated flow. The flow path changes with testing time. The 

evaporation in the dried and semi-dried zones influences the hydraulic conductivity 

of the grouted fracture. Air suction from the outer edge of the fracture can block 

water flow. Although the extent of the unsaturated zone increases with the testing 

time, the flow rate does not change significantly. This is probably the result of air 

suction or because the test time is too short to establish flow through the entire 

grouted zone. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE RESEARCH 

RECOMMENDATIONS 

7.1 Conclusions 

7.1.1 Bentonite Grout Characterization 

The determination of bleed capacity by using graduated cylinders was useful in 

identifying the stability of bentonite suspensions. A bentonite suspension with 

solid concentration greater than 23% is quite stable. No bleed water appears on 

the surface of grout for a suspension with 23% bentonite concentration. A grout 

is imstable if the suspension has a bentonite concentration less than 10%. If an 

unsettled suspension with a bentonite solid content less than 10% 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. 

The gelation of bentonite suspension can be divided into three periods: 

swelling period, setting period and thixotropic period. During the swelling pe

riod, the viscosity of a suspension increases rapidly with gelation time. During the 

setting period, the viscosity of the suspension decreases significantly with time. Af

ter the setting period, the suspension suffers a slight increase of its viscosity. In fact, 

the increase of the viscosity takes place after the suspension mixed. In thixotropy 

period, the thixotropic properties play the main role of changing viscosity with time. 
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The viscosity and shear stress of a suspension are sensitive to the bentonite 

concentration of the suspension, gelation and shear rate as well as the temperature. 

The viscosity and testing time are related by a negative power function, that is, 

viscosity is equal to testing time decreased 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 testing time 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 

bentonite has entirely swelled. 

The bentonite suspension has rheological properties. The grout can not move 

until a certain initial pressure is applied. The flow curve no longer passes through 

the origin as with a Newtonian fluid but intercepts the shear stress axis at the 

yield value. The yield stress determines the required minimum injection pressure or 

breakthrough pressure. If the yield stress of a suspension is too high, the suspension 

can not penetrate into a fracture, because the required high injection pressure will 

disturb the rock fracture to cause some vinexpected damage. 

The viscosity of bentonite suspension can decrease by agitation. The mixing 

speed has a strong influence on the apparent viscosity. A higher mixing speed 

can offer a higher shear rate to help bentonite particle dispersing. The required 

mixing speed increase with bentonite solid concentration. The required mixing 

speed of a grout suspension with solid content more than 23 % increases 2,000 

rpm when the solid content of the suspension increases 4%. To mix a suspension 

with high bentonite concentration, a higher mixing speed is needed. The rheological 

property of bentonite suspension can give rise to many difiiculties in both mixing and 

injecting grout. When the bentonite concentration in a suspension is high enough, 
% 

the rheological property will be too high and make the suspension unsuitable for 
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grouting. 

The viscosity measurements with Brookfield viscometer and associated data 

acquisition system at low shear rate (0.1 to 50 sec~^) are useful for determining 

the yield stress of suspensions, at least better than by using a FANN viscometer 

at higher shear rate (0.7 to 140 sec~^). By using low shear rate viscometer, it 

is available for get the data closed to zero shear rate. The viscosity and shear 

stress measurements are prefered by using proper capacity of viscometers, such as 

to measure low viscosity of suspensions by using Brookfield LVT type viscometers, 

medium viscosity by RVT type viscometers and higher viscosity by HAT or HBT 

type viscometers. The Brookfield LVTDV-II viscometer is good for testing a sus

pension with viscosity less than 2,000,000 cPs. A viscometer with higher capacity 

is needed to measure the viscosity and the shear stress of a suspension with solid 

content more than 23 %. 

Volclay bentonite grout has an extremely fine dispersed particle size and 

suitable size distribution. When volclay bentonite particles are entirely dispersed 

in water solution, only 3 to 4% of the particles are larger than 44 microns, 6 to 7 % 

are larger than 5 microns and 11 to 13% are larger than 0.5 microns. Experiments 

indicate that the coarse grains are usually settled before grouting. If a suspension 

has a lot of coarse grains, the problem may be that when the solid concentration 

is too high, the coarse particles can not settle, or the particles can not be totally 

dispersed. That may be harmful for penetrating a fine fractiire. It is still ques

tionable whether Volclay can penetrate a fracture with an aperture less than 4.5 

microns under normal injection pressiure as indicated in test SPM-3 and SPM-4. 

When a suspension has some coarse particles, larger than the fracture openings, 

and such a grout is injected into a fracture, the larger particles can be filtered out 

of suspension. When that happens, the coarse particles may block the pathway for 

further grout flow. 
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7.1.2 Bentonite Fracture Grouting Testing 

Bentonite suspensions with solid concentration up to 31% by weight can successfully 

penetrate into artifical fractures in models with apertures from 9 microns to 39 

microns under injection pressures less than 0.50 MPa. The grouts in fractures are 

uniformly distributed. 

A fracture with an aperture of 3 microns can not be penetrated with ben

tonite concentration of 23% under 1.04 MPa injection pressure. A suspension with 

bentonite solid content of 9% is also can not penetrate into a fracture with an aper

ture of 4.5 microns under an injection pressure of 1.5 MPa. So grout whether or not 

Volclay bentonite can penetrate a fracture with an aperture less than 4.5 microns 

under regular injection conditions, or static constant pressure is questionable. 

The injection pressure has no significant relationship with fracture aperture. 

It is more likely related to the solid concentration of the grout. 

A breakthrough pressure is needed to inject bentonite suspension into a frac

ture. The breakthrough pressure is main related to the yield stress of the suspen

sions, which depends on solid concentration in the grout. The breakthrough pressure 

is also depends upon the ratio of aperture and maximum particle size, injection hole 

length and stiffness of the plates of the model. In field conditions, it is also related 

to the in-situ stress state. 

If the fracture is small enough and the injected suspension is thin enough, 

and when the injection pressure is released, channeling develops in the fracture. Air 

invasion, air entrapped in the fracture, and the dissolved air in the grout are main 

contributors to channeling in grout after the injection pressure is released. The dry

ing of the bentonite gel provides the a for air breakthrough. The channeling formed 

in a grouted fracture after the injection pressure is released is mainly controlled by 

the bentonite concentration. Because a slury with low bentonite concentration has 
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low viscosity and low yield stress, it can be easily broken through by air. The air 

can travel relatively long distancees in the grout. When the bentonite suspension 

has a solid concentration of less than 20%, channeling has a high chance to develop 

in a grouted fracture. If the water used for mixing the grout is not distilled, when 

the grout is injected into a fracture, there is also a possibility to form channeling 

after dissolved air recovered and moved in the fracture. The water used to mix the 

bentonite shovild be distilled. 

7.1.3 Fracture Flow Prior to and after Grouting 

The fracture flow testing prior to and after grouting is conducted by the falling 

head method under low pressure gradient. Two boundary conditions are designed 

to simulate real in-situ fracture conditions: the model is put in air or is immersed 

in water, both for the ungrouted fracture and the grouted fracture. The testing 

method is useful to identify the difference of flow properties for the fracture under 

so called "unsaturated condition" and " saturated situation." 

The hydraulic conductivity for an ungrouted fracture changes with injection 

time. The effective aperture decreases as a negative power function of injection 

time, and finally reaches a constant value. The growth of adsorbed water molecular 

films on the walls of a fracture changes the cross section of the fiowpath. When 

the model is put in air, the air intrudes from the outer edge of the model. The 

adsorbed air from the injected water settled in the fracture plays an important role 

to block the water flow in the fracture. The adsorbed air and intruded air make the 

flowpaths become tortuous channels. 

Suspensions with bentonite concentration of 17% to 31%, injected into frac

tures with aperture of 9 to 39 microns, have successfully reduced the hydraulic 

conductivity from the 10"^ to the 10~® cm/s level. The permeability reduction 



136 

for a grouted fracture depends mostly upon the solid concentration in the injected 

suspension. A more watertight fracture can be expected by injecting a suspension 

with higher bentonite content. However, it is difficult to mix and inject a bentonite 

suspension with too high a solid content. No significant relationship is observed 

between ungrouted fracture aperture and fractvure permeability reduction. The hy

draulic conductivity after grouting is quite stable. During long term flow testing, 

98 days for SPM-8 and 125 days for SPM-9, the hydraulic conductivity of these 

grouted fractures slightly decreases. 

The water in a grouted fractvire is present as adsorbed water, diffused water 

and free water. Only the free water and a part of diffusion water is moveable. The 

immobile water and the bentonite solids in a grouted fracture provide the resistance 

to water flow. The ability of conduct water for bentonite barriers in fractures 

depends upon the microstructure of the bentonite suspension. The microstructure 

of a bentonite suspension may vary with solid content. This variation may determine 

the hydraulic conductivity of a grouted fracture. 

During flow testing, when the model is put in air, a dried zone develops from 

the outer edge of the model step by step. That indicates the water inflow is less 

than that evaporated from the outer edge of the fracture. The average evaporation 

rate from injection pipette is calculated as hydraulic conductivity is in the level of 

10"^ cm/s level. That increases the difficulty to estimate the hydraulic conductivity 

correctly. 

The shrunken grout in a fracture forms interconnected channels that provide 

preferential flowpaths. If the swelling velocity of shrunken bentonite is slow than 

that of the water flow, the water properly can flow through the bentonite barriers, 

when the grouted fracture saturated again. 
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7.2 Research Recommendations 

The bentonite fracture sealing on model test presented here only can be considered 

as a preliminary investigation. Prom these tests, the conceptual ideal of the possi

bility of bentonite fracture sealing, and its effectivness are only established. Many 

aspects that will influence the sealing performance are still untouched. 

The more injection tests should be conducted for different fracture aper

tures tmder varied range of bentonite concentrations. A more accrorate relationship 

between injection pressure and fracture aperture, injection pressure and bentonite 

concentration in suspensions, injection pressure and pressure gradient along the 

fracture and groutability should be specified. The grout distribution in the grouted 

fracture, especially water content variation, should be identified. The injection pres-

svire should be properly controlled to prevent disturbance of the rock mass, and to 

inject grout effectively. It is also needed to study the influence of injection pres

sure on fracture widening under injection pressure in laboratory scale. The rough 

fracture model may be needed to study the influence of the effectiveness of fracture 

grouting. 

It is highly recommended that the future work should focus on the resistance 

of bentonite barriers to erosion or longevity, such as base exchange, channeling, 

piping and washing out. 

The flow properties of bentonite suspension in the fracture diuring pressure 

grouting should be studied to identify the mechanism of grout movement in fracture, 

especially how the fracture walls exert resistance to grout flow and how far the grout 

can penetrate under certain injection pressures. 

Tests of bentonite grouting in natural fractures and artifical fractures in tuff 

should be conducted to use the results of model tests. That is very important to 
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investigate the real effectiveness of bentonite fracture sealing. 

Experiments on the flow properties of water in shrunken grout in the fracture 

may provide a way to understand the influence of bentonite swelling and shrinkage 

on fracture sealing quality. 

The permeability of the fracture after grouting only can be reduced to the 

level of lO"® cm/s. Methods to improve the hydraulic conductivity reduction need 

to be developed. It is also necessary to specify the pore and pore size distribution in 

the bentonite barriers. The microstructure of a bentonite suspension emplaced in a 

fracture and its variation with bentonite concentration are still not well vmderstood. 

Studying the properties of microstructure is useful to improve the performance 

of bentonite fracture grouting and to imderstand water movement in a grouted 

fracture. A new hydraulic conductivity measurement technique may need to be 

developed for flow testing of such grouted fracture with so low a permeability. It is 

required that this method can not disturb the grout in the fracture, and provide an 

accurate result. 
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APPENDIX A 

FLOW PROPERTY TESTING OF BENTONITE GROUTS TEST 

PROCEDURE 

Department of Mining and Contract No. NRC-04-86-113 

Geological Engineering FIN: D1192 

University of Arizona PI: J. Daemen 

Tucson, AZ 85721 (602)621-2501 

Draft 1, Revision 0 

Test Procedure written by: C. Ran Date: 12-15-89 

PI reviewed by: J. Daemen Date: 12-16-89 

reviewed by: S. Ouyang Date; 12-22-89 

revised by: 

revision reviewed by: 

A.l Objective 

The purpose of this test procedure is to determine the consistency or viscosity of 

bentonite suspensions. These bentonite suspensions will be injected into fractures 

to form a cutoff in the fractures. 
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A.2 Apparatus 

hydrometer 

FANN viscometer 

counter-rotating mixer 

electric balance 

timer 

A.3 Sample Specifications 

The test specimen of bentonite slurry is not less than 350 ml. The water used to 

mix with the bentonite should be distilled. 

A.4 Test Procedure 

Mixing of Bentonite Slurry 

Weigh (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 the 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. 
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® Slowly add the rest of the bentonite powder while mixing. Set timer for 5 minutes. 

Mix sample for 5 minutes on coimter-rotating mixer at a speed of 12,000-16,000 

rpm. Scrape sides of mixing can after 2 minutes of mixing. 

0 Record the mixing speed, as well as the temperatvure and atmospheric pressure of 

the test room. 

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 cm. 

o Turn motor on, select 600 rpm speed, read and record the shear stress values from 

the dial, then turn motor off. 

0 Turn 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. 

9 Plastic viscosity is 600 rpm reading minus the 300 rpm reading. Report in cen-

- tipoises. 

e Yield point is the 300 rpm reading minus the plastic viscosity. Report in pounds 
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;r 100 square feet. 

.6 Examples 

LAB PROCEDURES FOR MIXING VOLCLAY GROUT (20% SOLIDS) 

1. Four 240 ml of distilled water into a multimixing can and place on the coimter-

rotating mixer (speed range: 0-20,000 rpm). 

2. Add 2.4 g of Volclay initiator while mixing at lowest speed. 

3. Next, 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. 

LAB PROCEDURE FOR MIXING PUREGOLD GROUT (30% SOLIDS) 

1. Pour 560 ml of deionized water into bowl used with the counter-rotating mixer. 

2. Slowly axid 240 g of PureGold powder to water with mixer set on lowest speed. 

Scrape bowl periodically with a spatula while adding powder. 

3. Increase speed of mixing to 14,000 rpm and start timer. Set timer for six 

minutes. 

4. Mix sample for six minutes, scraping sides of bowl after two minutes. 

l.7 Bibliography 

1. American Colloid Company, "Laboratory Methods for Evaluating the Physical 

Properties of Bentonite," Data No. 251, undated. 
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APPENDIX B 

FLOW TESTING RESULTS 

Table B.l: Grouting Test SPM-1, flow testing results. Before Grouting 

Time 
(Hr) 

Inflow 
(cc) 

Flow Rate 
(cc/s) 

Permeability 
(cm/s) 

Aperture 
(cm) 

2.067 
4.317 
7.483 

22.680 
26.233 
33.117 
44.667 
48.383 

4.1550 
4.0790 
5.5738 

22.9285 
4.6870 
6.9672 

10.1342 
2.7870 

0.5585E-03 
0.5036E-03 
0.4890E-03 
0.4190E-03 
0.3667E-03 
0.2812E-03 
0.2437E-03 
0.2083E-03 

0.6245E-02 
0.5909E-02 
0.5889E-02 
0.5589E-02 
0.5393E-02 
0.4625E-02 
0.4361E-02 
0.4042E-02 

0.000876 
0.000852 
0.000851 
0.000829 
0.000814 
0.000754 
0.000732 
0.000705 

Table B.2: Grouting Test SPM-1, flow testing results, After Grouting 

Time 
(Hr) 

Inflow 
(cc) 

Flow Rate 
(cc/s) 

Permeability 
(cm/s) 

15.70 
20.98 
26.73 
41.72 
47.85 
63.62 
89.27 

101.38 
112.87 
124.57 

0.0764 
0.0392 
0.0382 
0.0493 
0.0074 
0.0677 
0.0974 
0.0252 
0.0515 
0.1260 

0.1839E-05 
0.2059E-05 
0.1846E-05 
0.9136E-06 
0.3362E-06 
0.1192E-05 
0.1055E-05 
0.5767E-06 
0.1245E-05 
0.2992E-05 

0.9232E-04 
0.9963E-04 
0.9267E-04 
0.5802E-04 
0.2981E-04 
0.6936E-04 
0.6400E-04 
0.4283E-04 
0.7158E-04 
0.8973E-04 

Aperture 
(cm) 

0.000107 
0.000111 
0.000107 
0.000085 
0.000061 
0.000093 
0.000089 
0.000073 
0.000094 
0.000105 
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147.17 
161.50 
172.90 
182.42 
194.07 
207.73 
219.47 
231.77 
243.70 
256.57 
268.67 
280.63 
291.63 
303.52 
312.90 
329.23 
337.83 
351.05 
362.57 
377.28 
388.82 
399.10 
413.48 
424.52 
436.90 
448.47 

0.0528 
0.0259 
0.0956 
0.0266 
0.0805 
0.0511 
0.0720 
0.0509 
0.0748 
0.0255 
0.0736 
0.0752 
0.0755 
0.0275 
0.0756 
0.0558 
0.0665 
0.0324 
0.0729 
0.0764 
0.0948 
0.0514 
0.0789 
0.0455 
0.0774 
0.0746 
0.0763 

0.1354E-05 
0.6108E-06 
0.1853E-05 
0.648SE-06 
0.2349E-05 
0.1219E-05 
0.1463E-05 
0.1206E-05 
0.1689E-05 
0.5943E-06 
0.1589E-05 
0.1726E-05 
0.1752E-05 
0.6931E-06 
0.1768E-05 
0.1651E-05 
0.1131E-05 
0.1045E-05 
0.1532E-05 
0.1842E-05 
0.1790E-05 
0.1237E-05 
0.2132E-05 
0.8789E-06 
0.1948E-05 
0.1674E-05 
0.1832E-05 

0.5292E-04 
0.3114E-04 
0.6530E-04 
0.3245E-04 
0.7656E-04 
0.4946E-04 
0.5589E-04 
0.4916E-04 
0.6156E-04 
0.3070E-04 
0.5917E-04 
0.6256E-04 
0.6321E-04 
0.3408E-04 
0.6365E-04 
0.4449E-04 
0.3459E-04 
0.32S3E-04 
0.4237E-04 
0.4793E-04 
0.4703E-04 
0.3678E-04 
0.528SE-04 
0.2930E-04 
0.4983E-04 
0.4505E-04 
0.4787E-04 

0.000081 
0.000062 
0.000090 
0.000063 
0.000097 
0.000078 
0.000083 
0.000078 
0.000087 
0.000062 
0.000086 
0.000088 
0.000088 
0.000065 
0.000089 
0.000074 
0.000065 
0.000064 
0.000072 
0.000077 
0.000076 
0.000067 
0.000081 
0.000060 
0.000079 
0.000075 
0.000077 
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Table B.3: Flow testing results, Grouting Test SPM-2, Before Grouting 

Time 
(Hr) 

Inflow 
(cc) 

Flow Rate 
(cc/s) 

Permeability 
(cm/s) 

Aperture 
(cm) 

0.63 
1.03 
3.30 
6.85 

10.50 
13.78 
17.67 
21.38 
23.80 
34.07 
37.13 
41.10 
45.00 
47.50 
57.57 
64.50 
81.53 
89.20 
92.03 

106.57 

11.7996 
7.7997 

31.2985 
38.9477 
35.8976 
12.3978 
11.7975 
8.8976 
6.8984 

27.0933 
7.2980 
7.6474 
6.9474 
6.7984 

23.4934 
12.6955 
36.3888 
11.4950 
6.6981 

26.1905 

0.5175E-02 
0.5417E-02 
0.3836E-02 
0.3048E-02 
0.2732E-02 
0.1049E-02 
0.8439E-03 
0.6650E-03 
0.7929E-03 
0.7330E-03 
0.6611E-03 
0.5355E-03 
0.4948E-03 
0.7554E-03 
0.6483E-03 
0.5086E-03 
0.5934E-03 
0.4165E-03 
0.6567E-03 
0.5006E-03 

0.9812E-02 
0.1050E-01 
0.8281E-02 
0.7211E-02 
0.6670E-02 
0.3362E-02 
0.3046E-02 
0.271 lE-02 
0.2762E-02 
0.2720E-02 
0.2723E-02 
0.2445E-02 
0.2399E-02 
0.2703E-02 
0.2588E-02 
0.2380E-02 
0.2415E-02 
0.2114E-02 
0.2436E-02 
0.2165E-02 

0.001102 
0.001140 
0.001012 
0.000944 
0.000908 
0.000645 
0.000614 
0.000579 
0.000584 
0.000580 
0.000580 
0.000550 
0.000545 
0.000578 
0.000566 
0.000543 
0.000546 
0.000511 
0.000549 
0.000517 
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Table B.4: Flow testing results, Grouting Test SPM-2, After Grouting 

Time 
(Hr) 

Inflow 
(cc) 

Flow Rate 
(cc/s) 

Permeability 
(cm/s) 

Aperture 
(cm) 

88.80 
159.83 
192.22 
235.80 
248.60 
329.88 
448.20 
557.53 
616.05 
687.98 
744.32 
880.48 
929.87 

1000.70 

0.0184 
0.2398 
0.0611 
0.1477 
0.3346 
0.2025 
0.4580 
0.4688 
0.1298 
0.2137 
0.2574 
0.3116 
0.1407 
0.2650 

0.5768E-07 
0.9376E-06 
0.5244E-06 
0.9414E-06 
0.7262E-05 
0.6919E-06 
0.1075E-05 
0.1191E-05 
0.6161E-06 
0.8251E-06 
0.1269E-05 
0.6357E-06 
0.7917E-06 
0.1039E-05 

0.4911E-05 
0.3154E-04 
0.2143E-04 
0.3167E-04 
0.1238E-03 
0.2585E-04 
0.3473E-04 
0.3727E-04 
0.2405E-04 
0.2925E-04 
0.3902E-04 
0.2464E-04 
0.2856E-04 
0.3427E-04 

0.000023 
0.000060 
0.000049 
0.000060 
0.000118 
0.000054 
0.000062 
0.000065 
0.000052 
0.000057 
0.000066 
0.000053 
0.000057 
0.000062 

Table B.5: Grouting Test SPM-3, flow testing results, Before Grouting 

Time 
(Hr) 

Inflow 
(cc) 

Flow Rate 
(cc/s) 

Permeability 
(cm/s) 

Aperture 
(cm) 

1.15 
3.72 
7.63 

17.38 
19.80 
24.15 
42.23 

0.24764 
0.14474 
0.09197 
0.18001 
0.00504 
0.03108 
0.11292 

0.59817E-04 
0.15664E-04 
0.65226E-05 
0.51284E-05 
0.57987E-06 
0.19847E-05 
0.17346E-05 

0.6665E-03 
0.2731E-03 
0.1524E-03 
0.1300E-03 
0.3040E-04 
0.6906E-04 
0.6317E-04 

0.000287 
0.000184 
0.000137 
0.000127 
0.000061 
0.000092 
0.000088 
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Table B.6: Grouting Test SPM-4, flow testing results. Before Grouting 

Time Inflow Flow Rate Permeability Aperture 
(Hr) (cc) (cc/s) (cm/s) (cm) 
1.15 
3.72 
7.63 

17.38 
19.80 
24.15 
42.23 

0.84764 
0.39474 
2.19197 
2.68001 
0.69505 
1.39108 
6.56292 

0.20474E-03 
0.42720E-04 
0.15546E-03 
0.76354E-04 
0.79890E-04 
0.88830E-04 
0.10081E-03 

0.1637E-02 
0.5781E-03 
0.1379E-02 
0.8727E-03 
0.9098E-03 
0.9836E-03 
O.llOlE-02 

0.000450 
0.000267 
0.000413 
0.000329 
0.000335 
0.000349 
0.000369 

Table B.7: Grouting Test SPM-5, flow testing resets, Before Grouting 

Time Inflow Flow Rate Permeability Aperture 
(Hr) (cc) (cc/s) (cm/s) (cm) 
0.97 10.3992 0.298SE-02 0.1046E-01 0.001084 
4.68 22.8971 0.1711E-02 0.8163E-02 0.000958 
5.50 3.5994 0.1224E-02 0.7347E-02 0.000909 
9.83 14.0966 0.9036E-03 0.6581E-02 0.000860 

13.37 23.6972 0.1863E-02 0.7946E-02 0.000945 
23.10 45.2924 0.1293E-02 0.6759E-02 0.000872 
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Table B.8: Grouting Test SPM-5, flow testing results, After Grouting 

Time 
(Hr) 

Inflow 
(cc) 

Flow Rate 
(cc/s) 

Permeability 
(cm/s) 

Aperture 
(cm) 

10.62 
24.62 
70.82 
94.48 

127.53 
153.68 
203.57 
239.08 
262.98 
293.63 
346.12 
369.58 
395.77 
414.47 
455.37 
491.48 
510.97 
539.57 
575.40 
604.18 
625.20 
685.53 
706.98 
750.88 
779.75 
800.90 
828.83 
846.05 
872.05 
889.80 
934.67 
968.72 

0.0427 
-0.4963 
-0.6537 
-0.2075 
-0.2584 
-0.0404 
-0.0980 
-0.0413 
-0.0278 
-0.0856 
0.8590 

-0.0223 
-0.5554 
0.0533 
0.0774 
0.1580 
0.0523 
0.0667 
0.0833 
0.0665 
0.0756 
0.2048 
0.0751 
0.0990 
0.1164 
0.0254 
0.0925 
0.0300 
0.0698 
0.0794 
0.1228 
0.1104 

0.1116E-05 
-0.9847E-05 
-0.3930E-05 
-0.2436E-05 
-0.2172E-05 
-0.4292E-06 
-0.5457E-06 
-0.3230E-06 
-0.3230E-06 
-0.7761E-06 
0.4546E-05 
-0.2638E-06 
-0.5893E-05 
0.791 lE-06 
0.5260E-06 
0.1215E-05 
0.7463E-06 
0.6483E-06 
0.6460E-06 
0.6421E-06 
0.9987E-06 
0.9431E-06 
0.9720E-06 
0.6261E-06 
0.1120E-05 
0.3337E-06 
0.9201E-06 
0.4837E-06 
0.7454E-06 
0.1242E-05 
0.7605E-06 
0.9007E-06 

0.3315E-04 
-0.1414E-03 
-0.7654E-04 
-0.5556E-04 
-0.5145E-04 
-0.1745E-04 
-0.2048E-04 
-0.1443E-04 
-0.1443E-04 
-0.2589E-04 
0.8425E-04 
0.1265E-04 
-0.1002E-03 
0.2626E-04 
0.2001E-04 
0.3499E-04 
0.2529E-04 
0.2303E-04 
0.2298E-04 
0.2290E-04 
0.3075E-04 
0.2962E-04 
0.3024E-04 
0.2256E-04 
0.3327E-04 
0.1484E-04 
0.2919E-04 
0.1902E-04 
0.2538E-04 
0.3569E-04 
0.2575E-04 
0.2884E-04 

0.000061 
0.000126 
0.000093 
0.000079 
0.000076 
0.000044 
0.000048 
0.000040 
0.000040 
0.000054 
0.000097 
0.000038 
0.000106 
0.000054 
0.000047 
0.000063 
0.000053 
0.000051 
0.000051 
0.000051 
0.000059 
0.000058 
0.000058 
0.000050 
0.000061 
0.000041 
0.000057 
0.000046 
0.000053 
0.000063 
0.000054 
0.000057 
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Table B.9: Grouting Test SPM-6, flow testing results. Before Grouting 

Time Inflow Flow Rate Permeability Aperture 
(Hr) (cc) (cc/s) (cm/s) (cm) 
0.27 6.5000 0.6771E-02 0.1655E-01 0.001364 
0.52 4.4500 0.4944E-02 0.1388E-01 0.001249 
1.48 13.9500 0.4009E-02 0.1282E-01 0.001200 
2.30 10.4000 0.3537E-02 0.1081E-01 0.001103 
6.63 40.5000 0.2596E-02 0.1048E-01 0.001085 

10.17 38.1000 0.2995E-02 0.1068E-01 0.001096 

Table B.IO: Grouting Test SPM-6, flow testing results, After Grouting 

Time 
(Hr) 

Inflow 
(cc) 

Flow Rate 
(cc/s) 

Permeability 
(cm/s) 

Aperture 
(cm) 

6.28 
22.80 
55.85 
82.00 

106.72 
130.72 
179.88 
191.40 
215.30 
244.57 
269.95 
298.43 
321.90 
348.08 
390.78 
407.68 
443.80 
463.28 
515.88 
527.72 
556.50 
625.52 
634.85 

0.0427 
0.0808 
0.1616 
0.1446 
0.1463 
0.0721 
0.1928 
0.0866 
0.1222 
0.1160 
0.1705 
0.1169 
0.1227 
0.0696 
0.2504 
0.1303 
0.1080 
0.1023 
0.1138 
0.1612 
0.0915 
0.2698 
0.0891 

0.1887E-05 
0.1359E-05 
0.1358E-05 
0.1536E-05 
0.1644E-05 
0.8344E-06 
0.1089E-05 
0.2089E-05 
0.1420E-05 
O.llOlE-05 
0.1866E-05 
0.1140E-05 
0.1453E-05 
0.7379E-06 
0.1629E-05 
0.2142E-05 
0.8307E-06 
0.1459E-05 
0.6012E-06 
0.3785E-05 
0.8833E-06 
0.1086E-05 
0.2653E-05 

0.5045E-04 
0.4053E-04 
0.4054E-04 
0.4403E-04 
0.4610E-04 
0.2935E-04 
0.350SE-04 
0.5418E-04 
0.4192E-04 
0.3538E-04 
0.5033E-04 
0.3626E-04 
0.4265E-04 
0.2716E-04 
0.4608E-04 
0.5537E-04 
0.2946E-04 
0.4291E-04 
0.2377E-04 
0.8110E-04 
0.3076E-04 
0.3532E-04 
0.6414E-04 

0.000075 
0.000067 
0.000068 
0.000070 
0.000072 
0.000057 
0.000063 
0.000078 
0.000069 
0.000063 
0.000075 
0.000064 
0.000069 
0.000055 
0.000072 
0.000079 
0.000058 
0.000069 
0.000052 
0.000095 
0.000059 
0.000063 
0.000085 
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Table B.ll: Grouting Test SPM-7, flow testing results, Before Grouting 

Time 
(Hr) 

Inflow 
(cc) 

Flow Rate 
(cc/s) 

Permeability 
(cm/s) 

1.68 
2.15 
4.93 
7.42 
9.73 

13.80 
17.47 
32.00 
40.00 

23.7000 
5.3000 

34.5000 
13.3000 
9.3000 

11.4000 
6.8000 

40.4250 
8.6000 

0.3911E-02 
0.3155E-02 
0.3443E-02 
0.1488E-02 
0.1115E-02 
0.7787E-03 
0.5152E-03 
0.7726E-03 
0.2986E-03 

0.1342E-01 
0.1311E-01 
0.1248E-01 
0.6614E-02 
0.5930E-02 
0.5087E-02 
0.4210E-02 
0.4718E-02 
0.3158E-02 

Aperture 
(cm) 

0.001228 
0.001214 
0.001184 
0.000862 
0.000816 
0.000756 
0.000688 
0.000728 
0.000596 

Table B.12: Grouting Test SPM-7, flow testing results. After Grouting 

Time 
(Hr) 

Inflow 
(cc) 

Flow Rate 
(cc/s) 

Permeability 
(cm/s) 

Aperture 
(cm) 

6.83 
17.47 
41.35 
72.35 
94.60 

124.48 
148.00 
174.17 
192.88 
243.77 
269.85 
289.33 
317.92 
353.80 
384.53 

-2.2583 
-0.6129 
-0.4791 
0.2623 

-0.5271 
-0.0364 
-0.0286 
0.0431 
0.0022 
0.1381 
0.1682 

-0.0237 
0.0652 
0.1563 
0.1626 

-0.9180E-04 
-0.1601E-04 
-0.5572E-05 
0.2350E-05 
-0.6580E-05 
-0.3382E-06 
-0.3382E-06 
0.4580E-06 
0.3284E-07 
0.7536E-06 
0.1792E-05 
-0.3382E-06 
0.6336E-06 
0.1210E-05 
0.1469E-05 

-0.6912E-03 
-0.2146E-03 
-0.1060E-03 
0.5959E-04 
-0.1183E-03 
-0.1634E-04 
-0.1634E-04 
0.2001E-04 
0.3454E-05 
0.2790E-04 
0.4974E-04 
-0.1637E-04 
0.2489E-04 
0.3833E-04 
0.4366E-04 

0.000279 
0.000155 
0.000109 
0.000082 
0.000115 
0.000043 
0.000043 
0.000047 
0.000020 
0.000056 
0.000075 
0.000043 
0.000053 
0.000066 
0.000070 
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403.58 
463.88 
485.37 
529.28 
558.13 
579.28 
607.18 
624.42 
650.43 
670.15 
713.05 
745.12 
800.95 
835.43 

0.0518 
0.2516 
0.0738 
0.1465 
0.1649 
0.0743 
0.1410 
0.0290 
0.1183 
0.1010 
0.1478 
0.2610 
0.1320 
0.1580 

0.7554E-06 
0.1159E-05 
0.9548E-06 
0.9268E-06 
0.1587E-05 
0.9752E-06 
0.1404E-05 
0.4678E-06 
0.1263E-05 
0.1423E-05 
0.9568E-06 
0.2261E-05 
0.6568E-06 
0.1273E-05 

0.2803E-04 
0.3732E-04 
0.3282E-04 
0.3220E-04 
0.4612E-04 
0.3335E-04 
0.4255E-04 
0.2045E-04 
0.3968E-04 
0.4298E-04 
0.3301E-04 
0.5861E-04 
0.2574E-04 
0.4004E-04 

0.000056 
0.000065 
0.000061 
0.000060 
0.000072 
0.000061 
0.000069 
0.000048 
0.000067 
0.000070 
0.000061 
0.000081 
0.000054 
0.000067 

Table B.13: Grouting Test SPM-8, flow testing results. Before Grouting 

Time 
(min) 

Inflow 
(cc) 

Flow Rate 
(cc/s) 

Permeability 
(cm/s) 

Aperture 
(cm) 

0.40 
0.83 
1.30 
1.82 
2.38 
3.00 
3.70 
4.50 
5.38 
6.47 
6.88 
7.30 
7.85 
8.42 
9.03 
9.73 

10.53 

4.9992 
4.9991 
4.9990 
4.9989 
4.9988 
4.9987 
4.9986 
4.9984 
4.9982 
4.9978 
4.9991 
4.9991 
4.9989 
4.9988 
4.9987 
4.9986 
4.9984 

0.2083E+00 
0.1923E+00 
0.1785E-I-00 
0.1613E+00 
0.1470E-I-00 
0.135lE-f-00 
0.1190E-I-00 
0.1041E+00 
0.9431E-01 
0.7689E-01 
0.2000E+00 
0.2000E+00 
0.1515E-1-00 
0.1470E+00 
0.1351E+00 
O.ligOE+OO 
0.1041E+00 

0.1093E+00 
0.1055E-1-00 
0.1024E+00 
0.9753E-01 
0.9356E-01 
0.9028E-01 
0.8475E-01 
0.7925E-01 
0.7589E-01 
0.6782E-01 
0.1064E+00 
0.1083E+00 
0.9174E-01 
0.9170E-01 
0.8843E-01 
0.8296E-01 
0.7753E-01 

0.003868 
0.003801 
0.003743 
0.003654 
0.003579 
0.003515 
0.003406 
0.003294 
0.003223 
0.003047 
0.003816 
0.003851 
0.003544 
0.003543 
0.003479 
0.003370 
0.003258 
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11.43 
11.85 
12.87 
13.25 
13.67 
14.12 
14.62 
15.17 
15.77 
16.43 
17.18 
18.03 
19.05 
19.37 
19.72 
20.07 
20.44 
20.82 
21.22 
21.64 
22.06 
22.98 

4.9982 
4.9991 
4.9979 
4.9992 
4.9991 
4.9991 
4.9990 
4.9989 
4.9988 
4.9986 
4.9985 
4.9983 
4.9979 
4.9993 
4.9993 
4.9993 
4.9992 
4.9992 
4.9992 
4.9991 
4.9991 
4.9981 

0.9256E-01 
0.2000E+00 
0.8193E-01 
0.2174E+00 
0.2000E+00 
0.1852E+00 
0.1666E+00 
0.1515E+00 
0.1389E+00 
0.1250E+00 
O.llllE+00 
0.9801E-01 
0.8193E-01 
0.2570E+00 
0.2412E4-0G 
0.2365E+00 
0.2253E+00 
0.2199E+00 
0.2107E+00 
0.1974E+00 
0.195SE+00 
0.9096E-01 

0.7327E-01 
0.1253E+00 
0.7075E-01 
0.1124E+00 
0.1083E-[-00 
0.1049E+00 
0.9968E-01 
0.9544E-01 
0.9194E-01 
0.8755E-01 
0.8274E-01 
0.7787E-01 
0.7075E-01 
0.1257E+00 
0.1227E+00 
0.1235E+00 
0.1219E+00 
0.1224E+00 
0.1214E+00 
0.1187E+00 
0.1207E+00 
0.7409E-01 

0.003167 
0.004141 
0.003112 
0.003923 
0.003851 
0.003789 
0.003694 
0.003614 
0.003548 
0.003462 
0.003365 
0.003265 
0.003112 
0.004149 
0.004099 
0.004111 
0.004085 
0.004093 
0.004076 
0.004031 
0.004065 
0.003184 

Table B.14: Grouting Test SPM-8, flow testing results. After Grouting 

Time Inflow Flow Rate Permeability Aperture 
(Hr) (cc) (cc/s) (cm/s) (cm) 

42.95 -0.0361 -0.2332E-06 -0.1253E-04 0.000038 
74.98 -0.0169 -0.1465E-06 0.9190E-05 0.000032 

130.85 0.2181 0.1084E-05 0.3492E-04 0.000063 
165.32 0.1461 0.n77E-05 0.3691E-04 0.000064 
194.82 0.1252 0.1179E-05 0.3697E-04 0.000064 
218.37 0.1302 0.1536E-05 0.4412E-04 0.000070 
266.53 0.2596 0.1497E-05 0.4341E-04 0.000070 
308.08 0.2151 0.1438E-05 0.4230E-04 0.000069 



339.03 
362.22 
388.30 
412.68 
452.07 
485.07 
511.10 
530.57 
556.47 
577.70 
610.50 
653.35 
674.38 
698.05 
722.33 
743.77 
775.75 
812.25 
843.63 
867.05 
890.77 
914.53 
935.80 
959.85 
991.23 

1010.58 
1036.30 
1058.33 
1082.48 
1123.75 
1155.33 
1180.02 
1203.73 
1231.87 
1250.87 
1274.87 
1294.82 
1327.60 
1352.15 

0.1740 
0.1555 
0.1031 
0.2295 
0.2169 
0.1973 
0.2281 
0.0837 
0.1533 
0.1322 
0.2225 
0.2140 
0.1823 
0.1801 
0.0796 
0.1820 
0.1731 
0.2194 
0.1736 
0.1303 
0.1551 
0.1050 
0.1321 
0.1298 
0.1736 
0.1088 
0.1534 
0.0815 
0.1797 
0.2653 
0.1485 
0.1043 
0.1801 
0.1764 
0.0840 
0.1298 
0.1332 
0.1725 
0.1044 

0.1562E-05 
0.1864E-05 
0.1098E-05 
0.2615E-05 
0.1530E-05 
0.1661E-05 
0.2434E-05 
0.1194E-05 
0.1644E-05 
0.1729E-05 
0.1884E-05 
0.1387E-05 
0.240SE-05 
0.2114E-05 
0.9107E-06 
0.2359E-05 
0.1504E-05 
0.1669E-05 
0.1537E-05 
0.1546E-05 
0.1816E-05 
0.1228E-05 
0.1726E-05 
0.1499E-05 
0.1537E-05 
0.1561E-05 
0.1657E-05 
0.1027E-05 
0.2067E-05 
0.1786E-05 
0.1306E-05 
0.1173E-05 
0.2109E-05 
0.1741E-05 
0.1229E-05 
0.1503E-05 
0.1855E-05 
0.1461E-05 
0.1181E-05 

0.4473E-04 
0.5036E-04 
0.3541E-04 
0.6319E-04 
0.4425E-04 
0.4677E-04 
0.6041E-04 
0.3759E-04 
0.4655E-04 
0.4817E-04 
0.5105E-04 
0.4167E-04 
0.6023E-04 
0.5526E-04 
0.3154E-04 
0.5951E-04 
0.4412E-04 
0.4734E-04 
0.4484E-04 
0.4504E-04 
0.5018E-04 
0.3867E-04 
0.4855E-04 
0.4423E-04 
0.4499E-04 
0.4549E-04 
0.4736E-04 
0.3446E-04 
0.5495E-04 
0.4989E-04 
0.4053E-04 
0.3776E-04 
0.5586E-04 
0.4920E-04 
0.3901E-04 
0.4464E-04 
0.5140E-04 
0.4387E-04 
0.3808E-04 

0.000071 
0.000075 
0.000063 
0.000084 
0.000071 
0.000073 
0.000082 
0.000065 
0.000072 
0.000074 
0.000076 
0.000068 
0.000082 
0.000079 
0.000060 
0.000082 
0.000070 
0.000073 
0.000071 
0.000071 
0.000075 
0.000066 
0.000074 
0.000071 
0.000071 
0.000072 
0.000073 
0.000062 
0.000079 
0.000075 
0.000067 
0.000065 
0.000079 
0.000074 
0.000066 
0.000071 
0.000076 
0.000070 
0.000065 



1375.12 
1396.58 
1419.05 
1444.43 
1482.27 
1520.07 
1541.13 
1563.30 
1588.30 
1616.00 
1636.83 
1664.02 
1683.98 
1706.85 
1731.28 
1760.13 
1780.08 
1800.52 
1829.73 
1853.52 
1873.98 
1899.65 
1944.25 
1974.60 
1997.42 
2018.18 
2042.77 
2066.65 
2090.72 
2119.22 
2143.78 
2161.75 
2210.02 
2241.08 
2260.48 
2281.67 
2305.38 
2331.57 
2356.17 

0.1557 
0.0820 
0.1311 
0.1287 
0.1682 
0.2683 
0.0823 
0.1314 
0.1290 
0.1767 
0.0825 
0.1772 
0.0832 
0.1808 
0.0795 
0.1758 
0.0832 
0.0828 
0.1755 
0.0800 
0.0828 
0.0784 
0.3625 
0.1245 
0.1308 
0.0826 
0.1794 
0.0799 
0.0798 
0.1761 
0.1794 
0.0599 
0.2345 
0.1739 
0.0337 
0.1822 
0.0801 
0.0780 
0.1793 

0.1883E-05 
0.1061E-05 
0.1621E-05 
0.1408E-05 
0.1235E-05 
0.1971E-05 
0.1085E-05 
0.1646E-05 
0.1433E-05 
0.1772E-05 
O.llOOE-05 
0.1810E-05 
0.1158E-05 
0.2196E-05 
0.9036E-06 
0.1692E-05 
0.1159E-05 
0.1126E-05 
0.166SE-05 
0.9347E-06 
0.1124E-05 
0.8490E-06 
0.2258E-05 
0.1140E-05 
0.1593E-05 
0.1104E-05 
0.2027E-05 
0.9298E-06 
0.9210E-06 
0.1716E-05 
0.2028E-05 
0.9263E-06 
0.1349E-05 
0.1555E-05 
0.4827E-06 
0.2389E-05 
0.9380E-06 
0.8276E-06 
0.2025E-05 

0.5201E-04 
0.3549E-04 
0.4711E-04 
0.4291E-04 
0.3935E-04 
0.5379E-04 
0.3616E-04 
0.4776E-04 
0.4357E-04 
0.5023E-04 
0.3657E-04 
0.5101E-04 
0.3788E-04 
0.5808E-04 
0.3215E-04 
0.4887E-04 
0.3800E-04 
0.3729E-04 
0.4848E-04 
0.3297E-04 
0.3730E-04 
0.3095E-04 
0.5946E-04 
0.3773E-04 
0.4720E-04 
0.3699E-04 
0.5548E-04 
0.3302E-04 
0.3282E-04 
0.4973E-04 
0.5563E-04 
Q.3301E-04 
0.4245E-04 
0.4670E-04 
0.2142E-04 
0.6225E-04 
0.3339E-04 
0.3073E-04 
0.5584E-04 

0.000076 
0.000063 
0.000073 
0.000069 
0.000067 
0.000078 
0.000064 
0.000073 
0.000070 
0.000075 
0.000064 
0.000076 
0.000065 
0.000081 
0.000060 
0.000074 
0.000065 
0.000065 
0.000074 
0.000061 
0.000065 
0.000059 
0.000082 
0.000065 
0.000073 
0.000064 
0.000079 
0.000061 
0.000061 
0.000075 
0.000079 
0.000061 
0.000069 
0.000072 
0.000049 
0.000084 
0.000061 
0.000059 
0.000079 



2381.63 
2402.78 
2427.17 
2449.52 
2480.30 
2502.53 
2529.32 
2550.07 
2570.98 
2595.38 
2618.37 
2668.38 
2716.68 
2743.28 
2767.28 
2793.28 
2817.13 

0.1286 
0.0323 
0.1795 
0.1062 
0.1492 
0.0813 
0.1275 
0.1326 
0.0824 
0.0795 
0.0807 
0.2580 
0.1594 
0.1277 
0.1298 
0.0782 
0.0800 

0.1400E-05 
0.4250E-06 
0.2045E-05 
0.1320E-05 
0.1346E-05 
0.1016E-05 
0.1322E-05 
0.1775E-05 
0.1095E-05 
0.9052E-06 
0.9754E-06 
0.1433E-05 
0.9170E-06 
0.1333E-05 
0.1503E-05 
0.8351E-06 
0.9314E-06 

0.4368E-04 
0.1974E-04 
0.5629E-04 
0.4207E-04 
0.4264E-04 
0.3537E-04 
0.4219E-04 
0.5136E-04 
0.3724E-04 
0.3281E-04 
0.3450E-04 
0.4462E-04 
0.3317E-04 
0.4260E-04 
0.4617E-04 
0.3122E-04 
0.3359E-04 

0.000070 
0.000047 
0.000080 
0.000069 
0.000069 
0.000063 
0.000069 
0.000076 
0.000065 
0.000061 
0.000062 
0.000071 
0.000061 
0.000069 
0.000072 
0.000059 
0.000061 
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Table B.15: Grouting Test SPM-9, flow testing results. Before Grouting 

Time 
(min) 

Inflow 
(cc) 

Flow Rate 
(cc/s) 

Permeability 
(cm/s) 

Aperture 
(cm) 

0.84 
1.77 
2.81 
3.91 
5.11 
6.37 
7.72 
9.13 

10.61 
12.20 
13.23 
14.29 
15.40 
16.55 
17.73 
18.97 
20.23 
21.56 
22.93 
24.41 
25.33 
26.34 
27.36 
28.41 
29.49 
30.62 
31.81 
33.04 
34.33 

4.9983 
4.9981 
4.9979 
4.9977 
4.9976 
4.9974 
4.9972 
4.9971 
4.9970 
4.9967 
4.9979 
4.9978 
4.9977 
4.9976 
4.9976 
4.9975 
4.9974 
4.9973 
4.9972 
4.9970 
4.9981 
4.9979 
4.9979 
4.9979 
4.9978 
4.9977 
4.9976 
4.9975 
4.9974 

0.9941E-01 
0.8906E-01 
0.8022E-01 
0.7552E-01 
0.6982E-01 
0.6602E-01 
0.6179E-01 
0.5889E-01 
0.5634E-01 
0.5250E-01 
0.8056E-01 
0.7871E-01 
0.7515E-01 
0.7205E-01 
0.7071E-01 
0.6701E-01 
0.6623E-01 
0.6269E-01 
0.6079E-01 
0.5635E-01 
0.9010E-01 
0.8264E-01 
0.8157E-01 
0.7960E-01 
0.7677E-01 
0.7376E-01 
0.7039E-01 
0.6740E-01 
0.6445E-01 

0.6675E-01 
0.6318E-01 
0.6005E-01 
0.5881E-01 
0.5695E-01 
0.5601E-01 
0.5474E-01 
0.5420E-01 
0.5383E-01 
0.5259E-01 
0.5802E-01 
0.5818E-01 
0.5750E-01 
0.5700E-01 
0.5743E-01 
0.5657E-01 
0.5734E-01 
0.5651E-01 
0.5663E-01 
0.5512E-01 
0.6251E-01 
0.6011E-01 
0.6073E-01 
0.6091E-01 
0.6067E-01 
0.6030E-01 
0.5971E-01 
0.5930E-01 
0.5888E-01 

0.003023 
0.002941 
0.002867 
0.002837 
0.002792 
0.002769 
0.002737 
0.002724 
0.002714 
0.002683 
0.002818 
0.002822 
0.002805 
0.002793 
0.002804 
0.002782 
0.002801 
0.002781 
0.002784 
0.002747 
0.002925 
0.002868 
0.002883 
0.002887 
0.002882 
0.002873 
0.002859 
0.002849 
0.002839 
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35.70 
36.59 
37.50 
38.47 
39.68 
40.51 
41.60 
42.74 
43.92 
45.15 
46.49 

4.9972 
4.9982 
4.9981 
4.9980 
4.9975 
4.9983 
4.9978 
4.9977 
4.9976 
4.9975 
4.9973 

0.6093E-01 
0.9339E-01 
0.9201E-01 
0.8571E-01 
0.6894E-01 
0.9987E-01 
0.7677E-01 
0.7315E-01 
0.7009E-01 
0.6766E-01 
0.6247E-01 

0.5808E-01 
0.6402E-01 
0.6457E-01 
0.6276E-01 
0.5535E-01 
0.7229E-01 
0.6193E-01 
0.6126E-01 
0.6087E-01 
0.6082E-01 
0.5905E-01 

0.002819 
0.002960 
0.002973 
0.002931 
0.002752 
0.003146 
0.002912 
0.002896 
0.002886 
0.002885 
0.002843 

Table B.16: Grouting Test SPM-9, flow testing results. After Grouting 

Time 
(Hr) 

Inflow 
(cc) 

Flow Rate 
(cc/s) 

Permeability 
(cm/s) 

Aperture 
(cm) 

26.07 
47.13 
79.93 

122.78 
143.82 
167.48 
191.77 
213.20 
245.18 
281.68 
313.07 
336.48 
360.20 
383.97 
405.23 
429.28 
460.67 
480.02 
505.73 
527.77 
551.92 
593.18 

0.2531 
0.1823 
0.2725 
0.3390 
0.1823 
0.1551 
0.1796 
0.1320 
0.2732 
0.2694 
0.1987 
0.1553 
0.1801 
0.1300 
0.1321 
0.1298 
0.2237 
0.0838 
0.1784 
0.1315 
0.1297 
0.2654 

0.2697E-05 
0.2404E-05 
0.2307E-05 
0.2198E-05 
0.2408E-05 
0.1821E-05 
0.2055E-05 
0.1711E-05 
0.2372E-05 
0.2050E-05 
0.1758E-05 
0.1843E-05 
0.2109E-05 
0.1520E-05 
0.1726E-05 
0.1499E-05 
0.1980E-05 
0.1202E-05 
0.1927E-05 
0.1658E-05 
0.1492E-05 
0.1786E-05 

0.6397E-04 
0.5929E-04 
0.5774E-04 
0.5597E-04 
0.5955E-04 
0.4945E-04 
0.5364E-04 
0.4750E-04 
0.5912E-04 
0.5369E-04 
0.4852E-04 
0.5010E-04 
0.5485E-04 
0.4412E-04 
0.4805E-04 
0.4377E-04 
0.5271E-04 
0.3783E-04 
0.5184E-04 
0.4692E-04 
0.4376E-04 
0.4938E-04 

0.000085 
0.000082 
0.000081 
0.000079 
0.000082 
0.000075 
0.000078 
0.000073 
0.000082 
0.000078 
0.000074 
0.000075 
0.000079 
0.000070 
0.000073 
0.000070 
0.000077 
0.000065 
0.000076 
0.000073 
0.000070 
0.000074 



624.77 
649.45 
673.17 
701.30 
720.30 
744.30 
764.25 
797.03 
821.58 
844.55 
866.02 
888.48 
913.87 
951.70 
989.50 

1010.57 
1032.73 
1057.73 
1085.43 
1106.27 
1133.45 
1153.42 
1176.28 
1200.72 
1229.57 
1249.52 
1269.95 
1299.17 
1322.95 
1343.42 
1369.08 
1413.68 
1444.03 
1466.85 
1487.62 
1512.20 
1536.08 

0.1735 
0.1293 
0.2301 
0.0764 
0.1091 
0.1299 
0.1083 
0.1725 
0.1794 
0.0807 
0.0820 
0.1811 
0.1787 
0.0932 
0.2433 
0.0823 
0.1314 
0.1290 
0.1267 
0.1325 
0.1772 
0.0832 
0.0808 
0.0795 
0.1758 
0.0833 
0.0828 
0.1755 
0.0800 
0.0828 
0.1785 
0.2126 
0.1745 
0.0808 
0.0826 
0.1294 
0.1300 

0.1526E-05 
0.1455E-05 
0.2695E-05 
0.7542E-06 
0.1594E-05 
0.1503E-05 
0.1507E-05 
0.1461E-05 
0.2030E-05 
0.9763E-06 
0.1061E-05 
0.2240E-05 
0.1955E-05 
0.6846E-06 
0.1788E-05 
0.1085E-05 
0.1647E-05 
0.1433E-05 
0.1271E-05 
0.1767E-05 
0.1811E-05 
0.1158E-05 
0.9816E-06 
0.9037E-06 
0.1692E-05 
0.1159E-05 
0.1126E-05 
0.1668E-05 
0.9348E-06 
0.1124E-05 
0.1931E-05 
0.1324E-05 
0.1597E-05 
0.9843E-06 
0.1104E-05 
0.1462E-05 
0.1511E-05 

0.4450E-04 
0.4313E-04 
0.6511E-04 
0.2787E-04 
0.4593E-04 
0.4418E-04 
0.4429E-04 
0.4341E-04 
0.5408E-04 
0.3322E-04 
0.3512E-04 
0.5783E-04 
0.5287E-04 
0.2628E-04 
0.4987E-04 
0.3578E-04 
0.4726E-04 
0.4312E-04 
0.3982E-04 
0.4962E-04 
0.5047E-04 
0.3749E-04 
0.3359E-04 
0.3180E-04 
0.4834E-04 
0.3758E-04 
0.3688E-04 
0.4795E-04 
0.3261E-04 
0.3689E-04 
0.5295E-04 
0.4120E-04 
0.4673E-04 
0.3386E-04 
0.3658E-04 
0.441 lE-04 
0.4513E-04 

0.000071 
0.000070 
0.000086 
0.000056 
0.000072 
0.000070 
0.000071 
0.000070 
0.000078 
0.000061 
0.000063 
0.000081 
0.000077 
0.000054 
0.000075 
0.000063 
0.000073 
0.000070 
0.000067 
0.000075 
0.000075 
0.000065 
0.000061 
0.000060 
0.000074 
0.000065 
0.000064 
0.000073 
0.000061 
0.000064 
0.000077 
0.000068 
0.000072 
0.000062 
0.000064 
0.000070 
0.000071 



1560.15 
1588.65 
1613.22 
1631.18 
1679.45 
1710.52 
1729.92 
1751.10 
1774.82 
1801.00 
1825.60 
1851.12 
1872.22 
1896.60 
1918.95 
1949.73 
1971.97 
1998.75 
2019.50 
2040.42 
2064.82 
2087.80 
2137.82 
2186.12 
2212.72 
2236.72 
2262.72 
2286.57 

0.1298 
0.1261 
0.1294 
0.0599 
0.2345 
0.1739 
0.0337 
0.0822 
0.1301 
0.1030 
0.1044 
0.1786 
0.0823 
0.1295 
0.0812 
0.1242 
0.0813 
0.1275 
0.1326 
0.0824 
0.0795 
0.0807 
0.2080 
0.2095 
0.0777 
0.1299 
0.1282 
0.0800 

0.1498E-05 
0.1229E-05 
0.1463E-05 
0.9264E-06 
0.1349E-05 
0.1555E-05 
0.4828E-06 
0.1078E-05 
0.1524E-05 
0.1093E-05 
0.1178E-05 
0.1944E-05 
0.1083E-05 
0.1476E-05 
0.1019E-05 
0.1120E-05 
0.1016E-05 
0.1323E-05 
0.1775E-05 
0.1095E-05 
0.9053E-06 
0.9754E-06 
0.1155E-05 
0.1205E-05 
0.8111E-06 
0.1503E-05 
0.1369E-05 
0.9315E-06 

0.4489E-04 
0.3936E-04 
0.4424E-04 
0.3263E-04 
0.4196E-04 
0.4617E-04 
0.2118E-04 
0.3619E-04 
0.4560E-04 
0.3656E-04 
0.3846E-04 
0.5373E-04 
0.3641E-04 
0.4476E-04 
0.3477E-04 
0.3728E-04 
0.3495E-04 
0.4168E-04 
0.5075E-04 
0.3679E-04 
0.3242E-04 
0.3409E-04 
0.3819E-04 
0.3930E-04 
0.3022E-04 
0.4560E-04 
0.4289E-04 
0.3319E-04 

0.000071 
0.000067 
0.000071 
0.000061 
0.000069 
0.000072 
0.000049 
0.000064 
0.000072 
0.000064 
0.000066 
0.000078 
0.000064 
0.000071 
0.000063 
0.000065 
0.000063 
0.000068 
0.000076 
0.000064 
0.000060 
0.000062 
0.000066 
0.000066 
0.000058 
0.000072 
0.000069 
0.000061 
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