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ABSTRACT 

Cement plugs were bailer placed in 6 1/2 inch diameter 

boreholes in granite. A secure field facility was constructed to 

facilitate long-term testing. The facility is equipped with a power 

supply which enables computer data acquisition. 

Two boreholes were plugged with Dowell System 1 cement, but 

only one borehole was tested. The borehole's permeability prior to 

-10 
plugging was measured at 7.8 x 10 cm/sec. After plugging, the 

permeability was measured between 4.6 x 10 ' cm/sec and 3.21 x 

10-1* cm/sec. The closeness of these measurements indicates that 

the plugs are sealing the borehole as effectively as the intact 

granite. 

Laboratory tests assessed a critical aspect of the plug 

design, which incorporated a pipe through the plug. The test results 

showed that as the pipe diameter increased, so did the permeability. 

Another test assessed the effects of water channeling through fresh 

cement paste, but the results were inconclusive. 

x 



CHAPTER ONE 

INTRODUCTION 

1.1 Introduction 

The high-level waste generated by nuclear reactors amounts to 

about 33 tons per reactor per year. This waste is currently stored at 

the reactor site in containment pools. These pools are only a 

temporary storage facility for the waste and are becoming congested 

and overcrowded as the waste is accumulates. The waste is destined 

for ultimate disposal once accepted disposal methods are selected. 

Several methods and techniques have been proposed and have 

received much attention regarding disposal of high level waste (HLW). 

One idea was to load it onto rockets and fire it into outer space and 

into the sun. This would be a very good method provided the rocket 

doesn't misfire upon launching. Another method is to drop or insert 

nuclear waste bearing canisters deep into the sea floor, where they 

would become assimilated with the sediments during diagenesis. Sandia 

National Laboratories has focused much attention on the feasibility of 

dropping the waste into the sea bed in missile-shaped penetrators 

(Engineering News Record, 1985, p. 17). Another method which has 

received the highest amount of attention and backing, financial as 

well as congressional, is disposal in a deep underground repository. 

Conceptually, a nuclear waste repository will be a deep 

underground facility. The facility will be several rows of parallel 

1 
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drifts. Large diameter borings will be excavated in the rock either 

between the drifts or directly under them. These borings will then 

have the waste canister inserted in them, much like a torpedo in a 

torpedo tube. But, unlike the torpedo analogy, there will be a large 

space between the canister and boring. This space will be back-filled 

with an impermeable material such as clay. The drifts, access tunnels 

and shafts will be sealed, once all the borings are filled with waste 

containers. 

Five geohydrologic settings have been selected as repository 

sites, of which there are nine locations. The settings are 

(Department of Energy, 1984, p. 5): 

1) Basalt flows, as at Hanford, Washington 

2) Unsaturated tuff 

3) Bedded salt deposits 

4) Salt domes 

5) Granitic intrusives. 

Once stored safely in the repository, the most likely 

mechanism for escape of radioactive materials would be either 1) by 

some geologic process which would exhume the repository horizon, such 

as faulting, erosion or diapirism, or by 2) transport of soluble water 

products by ground water. Ground water transport is the accepted 

scenario in which radioactive waste would come into contact with the 

bioshere (Bredehoeft et al., 1978). To this end, extensive site 

specific and generic work has been conducted to a) characterize the 

regional ground water conditions at each site, and b) develop 
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effective seals to act as a barrier between ground water movement and 

the waste canisters. These seals include sealing of all shafts, 

drifts, tunnels and other excavations in the repository. Also, there 

is a need to seal any fractures in the proximity of the repository via 

grouting. 

During the exploratory phase of a repository's design, 

boreholes will be drilled to obtain geologic and hydrologic data. 

Also, pre-existing wells and other borings may exist in the vicinity 

of the repository. These boreholes could be considered as a potential 

"short-circuit" to the repository seals (Bredehoeft et al., 1978, p. 

8). All boreholes in and around the repository would require 

extraordinary care in sealing and plugging (National Research Council, 

1978, p. 5). 

1.2 Objectives 

The objective of this research project was to develop a field 

site suitable for the long-term in-situ assessment of borehole plug 

performance. Laboratory studies have evaluated various parameters 

relating to borehole plug performance, such as elevated temperatures, 

dynamic loading (earthquake), dehydration of the plug, and drilling-

induced damage. However, actual data relating to large-scale in-situ 

plug performance is scarce. This includes evaluation of the 

installation procedures and the plug performance in different rock 

types and under different environmental conditions (Roy, Grutzceck and 

Licastro, 1979). It is hoped that this study will provide valuable 
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knowledge and insight into the actual plugging procedures, techniques 

and performance. 

Prior to any evaluation of plug emplacement procedures and the 

assessment of plug performance characteristics, a field site had to be 

acquired and developed. Three sites exist in the Tucson area, of 

which one was ultimately selected. The site, once selected, required 

the construction of a secure facility which could house the test 

equipment. Equipment and instrumentation needed to be designed and 

constructed according to the physical and practical limitations of the 

site. 

Once the developmental phase of the field project was 

complete, actual testing began. Three holes at the site were plugged, 

two with cement and one with bentonite. The plugs were then subjected 

to constant head and pressure slug tests to assess their sealing 

performance characteristics. 

1.3 Scope and Limitations 

The scope of this work centers primarily around the in-situ 

performance of cement plugs in granite. Laboratory work was conducted 

to evaluate certain aspects of the field tests which were felt to be 

of prime importance. 

Laboratory tests were conducted concurrently with the field 

work. One test performed was on a prototype of the same scale as the 

borehole. This was done to lend insight into the plug construction 

and performance in situ of the actual borehole plug. Another test was 

conducted to evaluate the effects of a pipe through the plug, a 
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critical aspect of the plug design. Other tests were performed to 

evaluate the effects of water channeling through fresh cement. 

The sealing performance of the borehole plug was evaluated by 

comparing the hydraulic conductivity of the rock prior to plugging 

against the hydraulic conductivity of the plugged borehole. A 

hydraulic conductivity equal to that of the rock would indicate that 

the seal was at least as impermeable as the rock. A hydraulic 

conductivity higher than that of the rock would be an indication that 

the plug was performing poorer than the surrounding rock, and that it 

was acting as a preferential flow path. 

The determination of the hydraulic conductivity of the rock 

was done by using inflatable packers to isolate the interval under 

study. The interval would be filled with water and then a pressure 

pulse would be introduced into the interval. The decay of the pulse 

was monitored by pressure transducers and recorded on a strip-chart 

recorder. The resulting decay curve was then used to determine the 

hydraulic properties of the interval. 

The hydraulic conductivity of the plugged interval was 

determined by the pressure pulse method described above and also by 

constant head injection tests. The constant head tests are long term 

tests which inject water into the plugs under a relatively constant 

head. Other methods to evaluate the hydraulic conductivity of the 

plugs were tracer tests and outflow collection tests. However, no 

noticable flow has been observed through the plugs, making the last 

two methods impossible or impractical to use. 
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1.4 Organization 

Each chapter of this thesis deals with a major specific topic 

related to the overall work performed at Cargodera Canyon. This 

includes the work undertaken to design and construct facilities to 

house the test equipment, and equipment and instrumentation design and 

construction. Also included is a brief summary of the important 

characteristics of cement and how they should be taken into account 

when used as a plugging material. 



CHAPTER TWO 

CEMENT 

2.1 Introduction 

The requirements for borehole sealing materials are quite 

rigid. The materials under consideration are natural earthen 

materials, such as clays, salt (salt would be used in salt deposits 

only), and cementitious materials. Han-made materials, such as 

resins, polymers and other manufactured materials, are not being 

considered due to questions regarding their long-term durability and 

stability characteristics. 

Cementitious materials have been used by man for thousands of 

years; some ancient structures still stand. Stability or longevity of 

cement is a function of how well it is suited to the environment in 

which it is placed. A stable cement will react with its surroundings 

to produce mineral assemblages that are themselves stable in that 

environment. The ultimate goal of borehole sealing with cement is to 

provide cements that will be stable in the repository environment. 

The requirements of such a cement, as outlined by the Bell Canyon Test 

Grout Development Report (Gulick and Boa, 1980) are that the cement 

will be of low permeability, low porosity, high density, high 

strength, expansive potential, isotropy, homogeneity, pumpability, 

adequate working time and durability. There is no specific cement, 

however, that will meet every requirement in every environment. 

7 



Therefore, a cement must be tailored to meet the existing 

site-specific conditions. 

The objectives of this chapter are to briefly discuss the 

important properties of cement and how they can be changed to suit 

certain sealing requirements. The first portion of this chapter 

examines ordinary Portland cement (OPC). While OPC is not being 

considered as a cement type itself, derivatives and variations of it 

are. Therefore, knowledge of it will prove useful in understanding 

how a cement can be developed for borehole sealing under different 

conditions. The second portion addresses the specific requirements 

established and how they can be met simultaneously. 

2.2 Manufac ture 

In general, the manufacture of Portland cement is a process 

whereby a lime containing material such as limestone, chalk, shells or 

calcareous muds, is mixed in the proper proportions with alumina and 

silica bearing materials such as shales and clays, and then roasted in 

a kiln at 1400 to 1600 degrees centigrade (Mindess and Young, 1981, p. 

6). The resulting reactions that take place during roasting produce 

cement clinker. The clinker is cooled and then mixed with gypsum 

(3-5%) and then finely ground. This final product is Portland cement. 

2.3 Chemical Composition 

The chemical composition of Portland cement is shown in Table 
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Table 2.1 Chemical Composition of Portland Cement 

Chemical Name Formula 
Short
hand 

% 
Wt 

Mineral 
Name 

Tricalcium Silicate 3Ca0Si02 C3S 50 Alite 

Dicalcium Silicate 2Ca0Si02 C2S 25 Belite 

Tricalcium Aluminate 3Ca0Al203 C3A 12 

Tetracalcium Alumino-
ferrite 4CaOAF2°3Fe2°3 C4AF 8 Celite 

Calcium Sulfate 
dihydrate CaSO. 2H„0 

4 2 
CSH2 3.5 Gypsum 

The different minerals contribute different characteristics to 

the cement paste. C3S attains most of it strength in a week and has a 

high heat of hydration. C2S has a gradual increase in strength, but 

approaches that of C3S in a few weeks. C3A has no strength 

characteristics of its own, but in mixing with the calcium silicates 

it shows an early strength development. By itself, C3A reacts quickly 

with water, causing a flash set and high heat evolution. To counter 

this, gypsum is added, which retards the flash set characteristics of 

C3A. C4AF hydrates rapidly with a high heat evolution also (Popovics, 

1981). 

2.4 Hydration of Cement 

Hydration of cement refers to the chemical reactions that 

occur in cement after it has been mixed with water. In the process of 

hydration, one would think that the cement particles are becoming 

"glued" together. Actually, the opposite is more the case: the 

cement particles break up into smaller particles. These smaller 
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particles then hydrate with water; the products form a very fine 

textured solid, or gel (Popovics, 1979, p. 78). 

The hydration of the two calcium silicates is the most 

important part of the reaction, followed by C3A and gypsum. The 

products of C3S and C2S are believed to be the same; only the amount 

produced is different. The equations for these reactions are (Mindess 

and Young, 1981, p. 76): 

2C3S + 6H20 = C3S2H3 + 3CH 

2C2S + 4H20 = C3S2H3 + CH 

C3S2H3 is denoted by shorthand as C-S-H, and was at one time called 

torbomite gel; use of this name has since discontinued. 

Some doubt exists, however, that C3S2H3 is the actual product 

of hydration. There appear to be several distinct calcium silicate 

hydroxides, of which C-S-H is one (Neville, 1981, p. 15). 

The reaction sequence can be represented by observing the rate 

of heat evolution over time of C3S (Figure 2.1). The resulting graph, 

known as a calorimetric curve, shows that five distinct stages exist 

during hydration (Mindess and Young, 1981, p. 77). Le Chatilier 

observed that the individual products of hydration are similar to the 

products of hydration of cement under the same conditions (Neville, 

1981, p. 14). 

The first phase in the reaction involves the rapid release of 

calcium and hydroxide ions from the surface of each C3S grain. The 

release of the hydroxide ions causes the pH to increase rapidly to 
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Stage 

Stage 5 Stage 4 Stage 3 Stage 2 
6 

4 

2 

100 10 0.1 1 
Time (h) 

Figure 2.1 Rate of heat evolution during the hydration of tricalcium 
silicate (from Mindess & Young, 1979). 



around 13 (Mindess and Young, 1981, p. 78). Rapid chemical reactions 

are also occurring between C3A, gypsum and water. The reaction 

between gypsum and C3A forms calcium sulfate hydrates, such as 

ettringite (Popovics, 1981, p. 80). The formation of ettringite 

precipitates onto the surface of the cement particles, slowing down 

the reaction rates. This starts the second or dormant stage. 

The dormant stage starts soon after initial mixing (5-15 min) 

due to the ettringite coating on the cement grains. The dormant 

period usually lasts between 40 and 120 minutes, which explains why 

the paste remains relatively plastic (Popovics, 1981, p. 80). 

The fraction of cement consumed during the initial hydration 

phase is as little as 1%, the products of adhering to the cement 

grains. An expansion takes place in the grains due to reactions 

occurring inside the coatings (Neville, 1981, p. 17). The surfaces of 

the grains are cleaned off due to the expansion which exposes the 

interior unhydrated cement grain to water. This starts the third, 

acceleration phase, which is marked by high heat evolution. This 

phase usually lasts about three hours (Popovics, 1979, p. 80). 

The acceleration period ends at the peak in the heat curve. 

At this time final set and early hardening begin. The fourth stage is 

the decline of the heat curve; the fifth is the steady-state period 

(Mindess and Young, 1981, p. 78). The steady-state period shows a 

very slow, but continual, hydration of the cement. The amount of 

hydration on cement grains after 28 days is only 4 m. After one year 

the depth of hydration has been measured at 8 microns (Neville, 1981, 
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p. 14). Cement grains range in size from 5 to 200 microns with the 

median at 50. 

2.5 The Role of Gypsum in Portland Cement 

Gypsum is added to cement to counteract the effects of C3A and 

C3AF. These two constituents are important in the manufacture of 

cement in that they reduce the roasting temperature required to 

produce the cement clinker. However, their contribution to hydrated 

cement can be detrimental. Gypsum reacts with these two constituents 

during hydration to produce the stable mineral ettringite (Neville, 

1981, p. 18). 

If there is not enough gypsum in the mix, a sulfate poor 

ettringite mineral will form, known as monosulfoaluminate (Mindess and 

Young, 1981, p. 80). If the hardened cement ever comes into contact 

with sulfate-bearing water, the monosulfoaluminate will combine with 

the necessary amount of sulfate to produce ettringite, a larger 

molecule. The resulting enlargement of these grains within the cement 

structure will cause it to expand and rupture. This phenomenon is 

known as sulfate attack. Overdosing the mix with gypsum will not 

alleviate the problem. Too much gypsum will also cause expansion and 

disruption of the cement paste (Neville, 1981, p. 18). 

2.6 Structure of Hydrated Cement 

The actual physical structure of hydrated cement is not fully 

known. However, a common theme exists among the models, in that the 

structure is similar to that of a degenerate clay (Hindess and Young, 



1981, p. 88). A well-defined clay mineral has a layered sheet-like 

structure. The aluminosilicate sheets in clay are bound together by 

alkalis or alkaline earths as the essential constituents. Water is 

also present between the layers. The addition of water can expand the 

clay mineral. 

The sheets in cement are the C-S-H crystals with water and 

calcium ions between them. The sheets in cement do not form 

parallelly, but rather in a random arrangement (Figure 2.2). Due to 

this random arrangement, spaces of irregular sizes and shapes exist 

between the crystals. The spaces are categorized into two types of 

pore spaces: gel and capillary (Mindess and Young, 1981, p. 89). 

Gel pores are the interconnected interstitial spaces between 

the gel particles. (Gel is the collective term for the various 

hydrates of cement.) The gel pores are extremely small, between 15 

and 20 angstroms in diameter, and do not allow flow of water between 

them. The gel pores occupy about 28 percent of the total volume of the 

gel (Neville, 1981, p. 34). The gel pores occupy this percentage of 

space regardless of the water/cement ratio or degree of hydration. 

Capillary pores, however, are a function of water/cement 

ratio and degree of hydration. At water/cement ratios higher than 

0.38, the hydrated cement is not sufficient to fill all the space 

provided in the initial paste, causing the development of capillary 

pores. Lower water/cement ratios do not allow complete hydration of 

cement due to lack of space in the paste to accommodate the reaction 

products (Neville, 1981, p. 32). Figure 2.3 illustrates the effect of 
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Figure 2.2 Probable structure of hydrated silicates (from Neville, 
1981). 
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different water/cement ratios on the development of capillary pores at 

different stages of hydration. 

Capillary pores are much larger than gel pores. They have 

been measured to be on the order of 1.3 microns. Permeability 

measurements show that they are a randomly distributed interconnected 

system that form throughout the paste. Capillary pores are mainly 

responsible for the permeability of cement. Unhydrated cement 

particles rapidly fill in the capillary pores, which accounts for the 

decrease in permeability of cement over time. 

The water/cement ratio of a fresh mix is very important to the 

development of the final hardened cement. The gross volume for the 

products of hydration is the volume of the dry cement plus the volume 

of the water, except for that which bleeds (Neville, 1981, p. 26). 

The exact stoichiometric water requirements are not known, so instead 

it is preferable to use the non-evaporable water as the basic 

requirement. Non-evaporable water is that which is not removable 

under standard drying conditions (Popovics, 1979, p. 79). 

Non-evaporable water, for given conditions, has been measured as 23% 

of the anhydrous cement weight (Neville, 1981, p. 27). However, other 

cement types will vary. 

The solid products of hydration occupy a space less than that 

of the cumulative volumes of the dry cement and water. The volume of 

hydrated cement will occupy a space of that of the unhydrated cement 

plus .746 times the volume of the non-evaporable water (Neville, 1981, 

p. 27). To illustrate this, the volume of the cement mix used in this 

research is: 
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Water used 250 ml 

Cement used 555 g 

Density of cement 3.15 g/ml 

Volume of cement 176.2 ml 

Thus, the products of hydration occupy 

176.2 + .23 x 555( .746) = 271.43 ml 

The cement paste has, as mentioned previously, a porosity of 

28%. Therefore, the volume of water held in the pores is: 

(Wg)/(271.43 + Wg> = .28 

Wg = 105.6 ml 

The volume of hydrated cement is 

271.4 + 105.6 = 377.0 ml 

whereas the original volume was 176.2 + 250 = 426 ml. 

The difference, 49 ml, is the capillary space distributed 

throughout the paste. The water used in hydration is 127.6 ml and the 

water in the gel spaces is 105.6 ml. The difference between the total 

water added, 250 ml, and the sum of the water used, 233.2 ml, is 

16.8 ml. Therefore, the capillary space of 49.3 ml is filled with 

16.8 ml of water, leaving an empty pore space of 32.5 ml. 

developed for OPC. These relationships may not hold for different 

cement types, such as that used at Cargodera Canyon. It is important 

The above calculations are based on empirical relationships 



to note, however, that at different water/cement ratios a porous 

network in cement can exist and may account for water intake into 

cement plug/rock systems. 

2.7 Bleed 

Bleed is a process in which some of the water in a fresh 

cement will separate out of the mix. Since water is the least dense 

constituent in concrete or mortar, it will rise to the surface. The 

resulting separation of water and cement can be quantitatively 

determined as the settlement per unit height of cement (Neville, 1981 

p. 224). The rate of bleeding and bleeding capacity can be measured 

using the test of ASTM Standard C232-71. 

Bleed can be detrimental to the final cement or grout in 

several ways. The water may work its way up through distinct 

channels, forming small "craters" on the surface. The surface of the 

cement layer will then be covered with a layer of highly dilute 

cement, i.e. a high water/cement ratio (Mindess and Young, 1981, p. 

211). Cements with high water/cement ratios tend to be highly porous 

weak and of low durability. Water pockets may form at the upper 

surface of the cement or grout. This occurrence in either a grouted 

fracture or inclined borehole may prove detrimental to the sealing 

performance of the placed cement, as illustrated in Figure 2.4. 

Bleed can be prevented, or at least reduced, by several 

methods. An increase in fineness of cement will decrease the overall 

bleed. Increasing the alkalinity of the cement with CaCl or a higher 

C3A content reduces bleed. Rich mixes (low water/cement ratio) will 
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Figure 2.4 Bleed pockets in cement in a grouted fracture and inclined 
borehole. 



decrease bleed. Addition of pozzolans and air entrainment will also 

decrease bleed. Chemical additives such as superplasticizers can be 

used to decrease the water/cement ratio and hence the bleed (Neville, 

1981, p.225). 

2.8 Shrinkage 

The loss of moisture from either a fresh or hardened cement 

will cause it to shrink. Cement can shrink from various processes at 

different stages in its lifespan. Plastic shrinkage occurs in fresh 

cement, and is due to the initial loss of water. Autogenous shrinkage 

occurs when a cement "self-dessicates" during hydration, and is a type 

of drying shrinkage. Drying shrinkage occurs in a hardened cement 

paste. Carbonation shrinkage occurs when the cement reacts with 

atmospheric carbon dioxide. Shrinkage is strictly a function of the 

paste; aggregate does have a restraining effect on the volume changes 

(Mindess and Young, 1979, p. 481). 

Plastic shrinkage occurs when water in the cement is lost to 

the environment. Water can be lost to the environment by several 

means. If the temperature of the cement is greater than the ambient 

temperature, the evaporation rate of the cement will be quite high, 

even if the relative humidity of the air is high (Neville, 1981, p. 

373). Water can also be lost to the surrounding formwork, or in this 

case, borehole, if it is dry. This may not be significant in a 

repository environment in a granite or basalt, but an unsaturated tuff 

could absorb copious amounts of water from the cement. The volumetric 
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contraction of cement due to plastic shrinkage is on the order of one 

percent of the absolute volume of dry cement (Neville, 1981, p. 371). 

Autogenous shrinkage can occur when the cement consumes all 

the water made available to it during hydration - a phenomenon known 

as self-dessication. This happens in concretes with a low 

water/cement ratio (theoretically below 0.42), where no additional 

water had been added (Mindess and Young, 1979, p. 483). This 

occurrence is rare and can be prevented and even slightly reversed if 

it is cured under water. A slight expansion may occur due to the 

formation of ettringite, or the hydration of free MgO. 

Drying shrinkage occurs in hardened cements. The process 

underlying drying shrinkage is not fully known. However, moisture 

loss is the underlying cause. The relationship between moisture loss 

and shrinkage can be seen in Figure 2.5. Five shrinkage domains 

exist. Domains 1 and 2 have been attributed to loss of capillary 

water; 3 is due to desorbtion of water from the surface of C-S-H 

particles; 4 is the loss of structural water from the C-S-H particle; 

5 is from the decomposition of the C-S-H particles (Mindess and Young, 

1979, p. 486). It should be noted that part of the initial shrinkage 

in domains 1 and 2 is irreversible. Domains 4 and 5, while usually 

only encountered when concrete is exposed to fire, may exist 

in a heated repository environment. 

2.9 Requirements of Borehole Plugging Cements 

Most all of the desired properties of cement are affected by 

the water/cement ratio. The characteristics of an implaced plug, such 
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Figure 2.5 Shrinkage-moisture loss relationships in pure cement 
pastes during drying (from Mindess and Young, 1979). 



as permeability, strength, isotropy, homogeneity, are optimized with 

low water/cement ratios. Low water/cement ratios, on the other hand, 

impart poor handling characteristics when placing the plug, such as 

pumpability and working time. The optimum cement mix will be designed 

to have excellent sealing and working properties. 

Of the many required characteristics of borehole plugs, long 

term low permeability is the most important. An effective borehole 

plug will acts as well as or better than the surrounding rock as a 

barrier to groundwater migration. The other required characteristics 

of borehole plugs, such as strength, isotropy and homogeneity, are 

only to support the plug as an impermeable boundary. A weak, 

impermeable plug may deform under stress changes in the rock, opening 

up voids and channels. 

The permeability of a cement paste under given conditions is a 

function of the water/cement ratio. The higher the water/cement 

ratio, the higher the porosity, and hence the higher the 

permeability. However, the most important aspect of porosity with 

respect to permeability is the size, shape and distribution of pores 

within the paste. Figure 2.6 shows the relationship between 

water/cement ratios and permeability. It is interesting to note that 

a cement with a water/cement ratio of 0.7, a poor quality cement, 

yields a permeability of 1.56 x 10 cm/s - that of granite (Neville, 

1980, p. 438). 

The strength of a cement paste is also a function of the 

water/cement ratio. Porous brittle materials exhibit a relationship 
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between strength and porosity described in the equation (Neville, 

1980, p. 271): 

n 
f = f (1 - p) 
c c ,0 

f strength at porosity p 
c 

fc Q = strength at 0 porosity 

n = coefficient (need not be a constant) 

A more direct relationship is Abrams' law, which states 

w/c 
f = (K /K ) 
c 12 

K and K are constants. 
1 2 

Abrams' law is a more specific case of Feret's law: 

2 
f = K[c/(c + w + a)] 
c 

c = volume of cement 

w = volume of water 

a = volume of air. 

All three of the relationships show that as the water/cement 

ratio is reduced, the strength increases. 

The expansivity of a cement is very important to insure that 

the plug will remain bonded to the borehole wall. Expansivity is less 

a function of the water/cement ratio and is more related to the 

chemical composition of the cement mix. Expansive cements are covered 

under the guidelines of ASTM 845-76T. 

where 

where 

where 
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The expansion in cements is due to the formation of ettringite. 

The ettringite mineral is larger than its constituent compounds, which 

causes an expansion within the cement paste. The formation of 

ettringite must be accurately controlled. If ettringite forms too 

early after mixing, the expansion will be dissipated by the plasticity 

of the paste; if too late the expansion will rupture the cement paste 

(Neville, 1980, p. 86). 

Cement is a relatively isotropic and homogeneous material. 

The cement used for borehole plugging will not have aggregate in it, 

which would decrease its homogeneity and isotropy. A factor which 

could possibly affect the homogeneity and isotropy of a cement would 

again be the water/cement ratio. A cement with a high water/cement 

ratio will have a greater volume of capillary pores in it than a 

cement with a low water/cement ratio. The alignment of the pore 

spaces within a cement paste may cause anisotropic strength or 

permeability characteristics. A high water/cement ratio will increase 

the amount of bleed, which will create channels within the plug. 

These channels will also impart anisotropic permeability and strength 

characteristics on the cement. 

2.10 Cement Additives 

Cement additives enable cements of different characteristics, 

such as faster or slower setting time, different density, viscosity, 

etc., to be made from ordinary Portland cement. Under normal borehole 

conditions, an ordinary Portland cement with an expansive agent and a 

dispersive agent would make a suitable borehole plug. The expansive 



agent would counteract the normal shrinkage of the cement. The 

dispersive agent would reduce the required water content for a 

specific workability. Also, the dispersive agent would disperse the 

cement grains through the mix, making it more fluid. This enables a 

cement of a low water/cement ratio to be pumped easily to its desired 

location. Such a cement would meet the requirements established in 

the Bell Canyon Test Grout Report for borehole plugs. 

2.11 Longevity 

Longevity is perhaps the most crucial of the requirements 

established for borehole plugs, provided the plug maintains its 

strength and impermeability. As part of the multibarrier system to 

prevent the escape of radionuclides into the biosphere, borehole plugs 

are perhaps the last of those man-made. Once through a plug, the 

radioactive materials has only the geologic media to slow its progress 

toward a ground water source. The need for borehole plugs is an 

admission that the inner engineered barriers, i.e. canisters, 

backfilling, etc., could conceivably fail. The failure of these seals 

would most likely not take place during the first 300 years. It is 

after this time span that the borehole plugs might become part of the 

final barrier to contaminant transport. So as the inner barriers are 

perhaps becoming less effective in time, the borehole plugs must 

remain as durable, or more so, as when then they were first installed. 

Longevity is also the most difficult parameter to assess. 

Actual long-term tests would provide the answers needed. By nature, 

they would take a long time to conduct; however, the results of such 



tests may be in in time for the first repository. Long-term tests, in 

a sense, have been conducted. Several ancient buildings and workings 

have used cementitious materials in their construction. Lime mortars 

have been discovered to have been in use since 7000 B.C. Malinowski 

(1982, p. 89) reports that the cement mortars used in some ancient 

buildings and engineering structures have fared better than the 

natural rock or burnt brick in the same structure. History, then, 

attests to the longevity of certain mortars in certain environments. 

Efforts have been undertaken by materials scientists to 

evaluate the longevity of certain cements under different conditions. 

The interactions between seal material and adjacent rock need to be 

explored. One procedure will be to determine the stable end products 

of hydration, and how they will vary in different environments. 

However, not only will the cement itself be studied, but the entire 

system, including surrounding rock, for its stable end products 

(Sarkar, Barnes and Roy, 1982, p. 1). 

2.12 Cement Type Used 

The cement used for this research has been exclusively Dowell 

System 1. Dowell System 1 cement is an ideal class A cement with two 

chemical additives, D53 and D65. D53 is an expansive agent and D65 is 

a dispersant agent or superplasticizer. The mix design of the system 

used is: 

10% D53 

1% D65 

50% H20 



with 15-18 drops of D-47 antifoaming agent added per batch. 

The mix procedure for a single batch of cement is to place 250 

ml of distilled water with the D-47 in a blender. The second lowest 

speed is used as 555 grams of system 1 are poured into the blender. 

This speed is maintained for 15 seconds and is then increased to the 

second highest speed for another 35 seconds. The cement mix is then 

poured out of the blender and into either a mold or bucket. If more 

than one batch is needed, the batches are mixed one at a time and 

poured into a bucket until the desired amount has been made. The 

contents of the bucket are stirred constantly until it is poured into 

a bailer or mold. 



CHAPTER THREE 

SITE CHARACTERIZATION 

3.1 Introduction 

The site characterization study undertaken at Cargodera Canyon 

was conducted to determine the suitability of the site for borehole 

sealing performance assessments of cement and bentonite. Site 

suitability requirements were that the rock must be of an appropriate 

lithology and that it not be overly fractured or weathered. In terms 

of the actual physical testing, the area must be accessible year round. 

3.2 Access and Location 

The area of study is defined to be within the NW 1/4 NW 1/4 SE 

1/4 of section 25, T11S, R14E of the Gila and Salt River Meridian, 

within the Santa Catalina Ranger District of the Coronado National 

Forest, Pima County, Arizona. The site is approximately 25 miles from 

the University of Arizona campus. The location of the study area is 

shown in Figure 3.1. Access to the site is obtained by driving north 

on Rt. 89 to the Golder Ranch Road turnoff. This road is paved 

eastward up to the Canyon del Oro wash, where it then becomes a 

well-maintained dirt road. The dirt road goes farther east where it 

leads to Forest Service Route 643. This dirt road crosses the 

Sutherland Wash, where it becomes very rocky, requiring four-wheel 
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drive capability. Four-wheel drive is not necessary up to this point 

in the route, except when the washes are flowing. 

3.3 General Setting 

The field site at Cargodera Canyon is located at an 

approximate elevation of 3680 feet. The access road is adjacent to 

the site, which was advantageous in transporting equipment, but also 

detrimental in that the site is exposed to all who travel it. A small 

ephemeral stream parallels the road to the southeast and proved quite 

useful as a water supply for construction purposes. 

A power line supplying power to Summerhaven, a small community 

at the top of the Catalinas, is approximately 300 feet from the site. 

This line was used to supply electric power to the site for various 

tasks. 

The temperature range at the site is very similar to that in 

Tucson. Highs in the summer reach 110°F and in the winter the lows 

extend to below freezing for short periods of time. This is an 

important factor to consider due to the presence of precision 

electronic measuring devices and computer equipment, which can be 

affected adversely by temperature variances. 

3.A Regional Geologic Setting 

The study area is located in the Rincon-Santa Catalina-

Tortolita complex (Figure 3.2), an area of very intense geological 

interest. This, in turn, is located in the Basin and Range 

physiographic province. The Basin and Range province is characterized 
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by fault blocked mountain ranges that have a general trend of 

approximately II 30 H. These mountain ranges were created through 

extensional forces. The superposition of high temperature extensional 

deformation with ductile to brittle tectonic denudation is presently 

termed a metamorphic core complex (Davis, 1980). 

3.5 Local Geologic Setting 

The geologic setting at Cargodera Canyon has demonstrated to 

be very complex due to the presence of several (5) different 

granites. These units are the Oracle Granite, Catalina Quartz 

Monzonite, Leatherwood Quartz Diorite, Wilderness Granite and the 

Tortolita Quartz Diorite. However, through careful studies, 

literature searches, and chemical analysis, the rock at the site has 

been identified as Tortolita Quartz Monzonite. 

The Tortolita Quartz Monzonite is the youngest (26 m.y.) 

pluton in the study area. The Tortolita Quartz Monzonite outcrops in 

the area in two large north-northwest striking dikes. These dikes are 

correlated with the main Tortolita pluton in the southern Tortolita 

Mountains. The modal analysis is (Keith et al., 1980): 

Quartz - 39.2 

K-Feldspar - 31.2 

Plagioclase - 26.4 

Biotite - 3.2 

Opaque Grains - trace 

A whole rock analysis was conducted on a sample from drill hole 

CCR/C-1. The results of this analysis are presented in Table 3.1. 
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Table 3.1 Whole Rock Analysis of Tortolita Quartz Honzonite from 
Lower Drilling Site 

Percent of Total 

Si02 71.4 

A12°3 8-9 

CaO 0.68 

MgO 1.22 

K20 4.3 

Na20 5.6 

Fe203 4.29 

Ti02 0.48 

P„Oc 0.29 
2 D 

MnO 0.28 

LiO 1.96 
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The Tortolita Quartz Monzonite postdates the major metamorphic 

events. The result is a rock unit that remains unfoliated, undeformed 

and relatively unfractured. These characteristics make it very 

desirable as a field site to conduct borehole plugging assessments. 

3.6 Drilling 

A Tucson based company, American Mining and Drilling Co., was 

contracted to drill the holes at Cargodera Canyon. Drilling commenced 

in September 1981, using a Joy 12B/Gardner Denver 83 rig. Between 

September and November fifteen holes of various diameters were drilled 

with a cumulative footage of 317 feet. The various diameters drilled 

included 67 feet of 6 1/2 inch diameter size holes and 168 feet of 2 

1/2 inch diameter size holes. 

Five percussion drill holes with diameters of 2 1/2 inches 

were drilled to a depth of 15 feet each. These holes are designated 

CCR/P-1 through 5. Five 2 1/2 inch diameter diamond core holes were 

drilled to depths between 15 and 22 feet, and are designated CCR/D-1 

through 5. Four 1 1/2 inch diameter diamond holes were drilled and 

then overcored to 6 1/2 inches. These are designated as CCR/C-1 

through 4. Two core barrels were lost during drilling, one each in 

CCR/C-3 and CCR/C-4. This, especially in the case of CCR/C-3, 

shortened the overall borehole length considerably. Table 3.2 

summarizes the core logging done by Nora Colburn, a consulting 

geologist on the project (Daemen et al., 1982). 

The drilling fluid used was water. Mud was not used because 

it might affect the permeability of the borehole walls. Initially, 
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Table 3.2 Preliminary Estimate of Unfractured or Slightly Fractured 
Intervals Longer than One Foot for the Cargodera Canyon 
Study Area Lower Drilled Site (After Daemen et al., 1982) 

Total Interval 
Hole Diameter Depth Interval Length 
No. (in) (ft) (ft) (ft) Remarks 

CI 

in 

15.0 0 2.9 2 .9 (2) 
3 .0 - 6.0 3 .0 (2) 
6 .3 - 8.1 1 .8 (1) 
10 .3 - 12.1 1 .8 (1) 
13.5 - 15.0 1 .8 (1) 

C2 6.5 19.6 0 6.7 6 .7 (1) 
10 .8 - 14.0 3 .2 (1) 
14 .3 - 17.5 3 .2 (1) 

C3 6.5 13.0 0 _ 4.3 4 .3 (2) 
5 .7 - 10.9 5 .2 (1) 

D1 2.5 21.0 0 .2 _ 4.6 4 .4 (2) 
5 .0 - 6.2 1 .2 (2) 
6 .4 - 9.2 2 .8 (1) 
11 .6 - 18.9 7 .3 (2) 

D2 2.5 21.0 6.0 7.5 1 .5 (1) 
7 .6 - 9.6 2 .0 (1) 
10 .6 - 12.6 2.0 (1) 
13 .0 - 14.6 1 .6 (1) 
15 .7 - 19.5 3 .8 (1) 

D3 2.5 35.0 0 _ 4.7 4 .7 (2) 
6.6 - 9.7 3 .1 (1) 

D4 2.5 21.0 0 3.8 3 .8 (1) 
5 .7 - 9.7 4 .0 (1) 
10 .9 - 12.2 1 .3 (1) 
13 .3 - 20.6 7 .3 (1) 

D5 2.5 20.0 0 4.6 4 .6 (2) 
5 .9 - 10.0 4 .1 (1) 
12.0 - 15.8 3 .8 (1) 
16 .6 - 20.0 3 .4 (1) 

(1) Apparently unfractured throughout interval. 

(2) Slightly fractured, i.e. apparently containing only a few hairline 
fractures (apertures of about 0.1 mm or less) over the interval. 



the first few feet of the first hole were drilled dry. This proved 

too difficult, however, and was discontinued. 



CHAPTER FOUR 

SITE PREPARATION 

4.1 Introduction 

The nature of the Rock Mass Sealing program demands a certain 

degree of sophistication in equipment design to be able to monitor 

the small flow rates associated with low permeable materials. With 

sophistication comes delicacy. Proper conditions can be reasonably 

guaranteed in the laboratory; no such guarantees exist in the field. 

The conditions in the field add another degree of difficulty, and 

certainly a higher cost, to any test where accurate monitoring of data 

is essential. The ability to overcome problems in the field that are 

nonexistent in the lab may determine whether a field test will fail or 

succeed. 

Cargodera Canyon, only 25 miles from the University of 

Arizona, provided many challenges that had to be overcome before a 

single test could be conducted. The testing apparatus had to be 

compatible with the restrictions imposed by the environment. 

Potentially dangerous nitrogen bottles were a major concern when the 

site plan was developed. Other items involved in the design included 

precision gages and burettes, LVDT's, pressure transducers, and a data 

logging device with peripherals. 

Security was the highest priority when Cargodera Canyon was 

considered as a field site. The drill holes are located adjacent to a 

40 



dirt road that is accessible to four-wheel drive vehicles. The 

presence of a test facility in such a remote area provides a tempting 

target for vandals. 

The remoteness of Cargodera Canyon poses yet another problem 

- hunters. The area supports populations of deer, javalina and quail, 

which are prime game in Southern Arizona. While the majority of 

hunters are quite law-abiding, a high-powered rifle in the wrong hands 

can be most destructive. Several years ago in this area, two 

teenagers shot at an explosives shack with armor-piercing bullets. 

One of them was killed instantly and the other died later in the 

hospital. Minor damage has been done to the equipment bunker during 

the last deer season. Permission to store high explosives at the site 

was denied early on in the planning stage. 

Permission to do testing of any sort had to be acquired from 

the Coronado National Forest District Ranger. A detailed application 

of what was going to be conducted at the site had to be submitted. A 

permit was granted to build up to three equipment bunkers and conduct 

tests for one year. At the end of that time, the permit had to be 

renewed. If, for some reason, the permit was not renewed, the bunkers 

and equipment in them had to be removed and the site returned to its 

original state. 

The requirements of the shelter needed at Cargodera Canyon 

were determined to be: 

1. It must protect the test apparatus and environment from 

vandalism and the surroundings. 



2. It must adequately house all the apparatus needed at the 

site. 

3. The shelter had to be transportable by four-wheel drive 

vehicle over a rough road. 

4. The structure had to blend with the surroundings as best as 

possible. 

5. The structure has to be removable when the permit or 

funding for the project expires. 

A masonry structure was determined as the best solution to the 

requirements. A structure built of slump block could be customized to 

fit any size requirements of the equipment at the site. Slump block 

filled with mortar would also be an effective barrier against most 

high-powered rifles, ensuring the safety of the equipment in the 

shelter, or "bunker". The ease in transporting the slump block to the 

site would be a function of how many blocks could be safely carried 

over the road at one time. (An overloaded truck can easily snap a 

leaf spring on a rough road.) Light grey slump block could be used, 

which would match the light tones of the granite outcrop 

surroundings. Finally, when the time comes to remove the bunker, it 

could be done with minimal difficulty by chiseling apart the mortar 

joints and transporting the blocks back down the road. 

The size of each bunker was standardized at 2.5 m x 1.5 m. 

This size enables two boreholes to be tested per bunker, due to the 

fact that the boreholes were drilled so close together. The first 

bunker contains two 16.5 cm diameter boreholes, each one plugged 
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(Figure 4.1). The second bunker contains a 16.5 cm borehole and a 6.4 

cm borehole. The 16.5 cm hole was plugged with cement, the smaller 

hole was used to conduct hydrologic tests. 

The building materials used for the bunker were 16" x 8" x 4" 

grey slump block, mortar, 16" x 8" x 2" cap block and a custom-made 

steel lid. 

The construction of the bunker required some basic masonry 

skills and a certain amount of ingenuity. Normally blocks are laid on 

a cement pad or footer. A footer was not used in this case due to the 

complexity it would add when the bunker had to be removed. 

A cement footer would certainly have made the work easier, 

however. The area for the first bunker varies about 6 inches in 

elevation. There was also a rather steep slope where the back wall 

was to be. The slope was compensated for by cutting brick to the 

slope angle where the brick was to be laid. 

Cutting the block at an angle compensated for the slope, but 

not the varying elevation. To adjust for the varied elevation, blocks 

were sliced lengthwise to 1", 2" and 3" thicknesses. These blocks 

were used wherever a block shorter than 4" was needed. The angles and 

short blocks provided a level base upon which the rest of the bunker 

could be built. Progress after the initial base courses were placed 

commenced rapidly. Once the blocks were laid, the access doors were 

brought up and fastened in place. 

The frame and door assembly are one unit, weighing 

approximately 400 lbs. The outer dimensions of the frame are 48 by 
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104.5 inches. The access doors are two 3/16 inch thick pieces of 

steel plate mounted by hinges to a cross-member of the door frame. 

The door frame is constructed of 3 inch angle iron with 2 x 1/2 inch 

box tubing reinforcement. Another set of doors 1/8 inch thick can be 

slid into slots below the first set of doors, providing an added 

measure of security. These doors have not been used yet - the outer 

doors have proven to be more than adequate. 

The doors were fastened to the bunker by laying 2 inch thick 

cap block over the 3 inch lip of the frame. The lip of the frame 

covers the inner 3 inch of the bunker wall, which allows the cap block 

to be laid flush with the outside wall. While the lid assembly is not 

secured by anything other than a mortar joint and a 2 inch thick cap 

block, its weight alone would prevent it from being moved off the top 

of the bunker. 

A.2 Borehole Cleaning 

Following drilling of the boreholes and extraction of their 

core, the boreholes were capped to prevent their eventual filling with 

debris. Three of the four caps covering the 6.5 inch holes had been 

pulled off, however, and the holes partially filled with rocks, sand 

and branches. These holes had to be cleaned out before packer testing 

could commence. 

The boreholes were cleaned using a modified "cactus grabber", 

a long pole with two hand cultivators attached to one end. The 

cultivators have springs attached to them that hold the jaws closed. 
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The jaws are opened by pulling a cable that is attached to them and 

extends to the surface. 

The cleaner is operated by lowering the pole in the hole until 

the jaws are just above a rock or other obstruction. The jaws are 

opened, and the pole is rammed down on top of the obstruction. The 

jaws are then closed by releasing the cable and the pole is lifted out 

of the hole. Perhaps one out of every three tries is successful in 

removing rocks and other bits of debris. 

Sand and gravel could not be picked up by the large forks on 

the cleaner. To clean out this material, as well as standing water, a 

wet or dry vacuum was used at the site. 

4.3 Electrical Hook-up 

Trips to the site several times a week or even once a day to 

take manual readings will not give as accurate an assessment of plug 

performance. Therefore, a data logging device is desired. The data 

logger would record inputs from three pressure transducers and one 

linear voltage differential transducer (LVDT) per hole plugged. All 

of these components would require a power supply, either as 12V DC or 

115V AC. The selection of the type to be used would be a function of 

cost, reliability and ease in use. It was decided that 115V AC from a 

nearby utility line would satisfy the requirements the best. Another 

factor that weighed heavily in its favor was that it would be 

extremely useful for other purposes, such as powering electric mixers 

and drills. 
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Battery power was considered but ruled out for several 

reasons. The cost to equip all the data logging gear with battery 

power would be substantial. The equipment already on hand was 

designed with a 115V AC power supply, therefore requiring it to be 

converted to 12V DC. Batteries would have to be constantly checked 

and rotated with fresh ones brought from the lab. The reliability of 

the system would depend on the reliability of the batteries, for which 

we would be responsible. By using the power available at the site, 

the electric company would be responsible for power losses, which 

could be restored faster than we could restore a faulty battery. 

Obtaining power from the nearby pole was not readily accepted 

due to the potential for power loss from a break in the line due to 

vandalism or from natural causes. But when compared to the 

difficulties anticipated with battery power, it was felt that the 

advantages outweighed the disadvantages. 

The line power is obtained from the utility line that serves 

Summerhaven. The line was run up Cargodera Canyon at the same time 

the boreholes were drilled. At our request, a breaker box and meter 

were installed on the pole nearest the drill site. 

Power was supplied to the first bunker through 300 ft of Romex 

line. A trench was dug 2-3 inch deep where possible and the line 

buried in it. The line was tucked under granite slabs as best as 

possible where it went over exposed rock. Where the line runs to the 

bunkers over the exposed granite, it is enclosed in 1 inch galvanized 

conduit. The second bunker, which houses the computer equipment, was 

powered by tapping into the line to the first bunker. 



CHAPTER FIVE 

FIELD TESTING 

5.1 Introduction 

Intervals of low hydraulic conductivity in the borehole need 

to be identified prior to placing borehole plugs. The optimum 

performance characteristics of the borehole plug can be assessed by 

placing it in such a region. The objective of the field testing 

portion of this investigation was to determine zones in the borehole 

which would be suitable for plugging. The methods used in the 

selection of the appropriate interval(s) were core log studies, 

photo and video logging of the borehole and packer testing. 

5.2 Core Log Studies 

The core logs provided initial target intervals which would 

subsequently be investigated by photo/video logging methods and by 

packer tests. The objective was to identify intervals approximately 

30 inches long that were fracture-free. The intervals selected became 

the initial target zones for packer testing (Figures 5.1 and 5.2). 

Table 5.1 summarizes the core logs of the drill holes and identifies 

potential target intervals. 

5.3 Photologging 

5.3.1 Equipment 

The borehole camera was a 35 mm camera mounted on a pole. A 
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6-inch diameter piece of PVC tubing attaches to the pole and shields 

the camera from the borehole wall; it also serves to center the camera 

in the borehole. Two lengths of threaded rod suspend a wooden disk 

below the shield. The disk would serve as a focal point for the 

camera. The camera's depth of field would pick out some detail in the 

borehole wall near the target. 

The camera used was an Olympus OM-1. A wide-angle lens was 

used. A light source was obtained from two small, high-powered 

flashlights, which were attached to the inside of the shield. 

5.3.2 Procedure 

The procedure for photologging the holes was simple, but 

proved to be quite time-consuming. The camera was set at a shutter 

speed of 1/4 second with a focal distance of 1.75 feet. The aperture 

setting was not recorded. The film used was Ilford 400 speed black 

and white. 

The camera was lowered to the desired position within the 

borehole, the location of which was determined by marks on the camera 

pole. A thin cable was pulled which triggered the shutter. The 

camera was brought up to the surface and advanced to the next frame. 

This procedure was repeated several times, each time three inches 

lower, until the borehole was photologged. 

5.3.3 Results 

The results of the photologging work performed in borehole C-3 

indicated that the objective of identifying fractures missed during 
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core logging could not be met with this type of apparatus. The photos 

obtained from the logging work showed only the large fractures present 

on the core logs. Resolution of the system was not detailed enough, 

however, to detect the presence of smaller fractures. 

5.3.4 Recommendations 

The system could be refined to increase the resolution. One 

way would be to mount the light source in front of the camera lens 

with a small shield between the lens and the light to prevent the 

light from blinding the camera. A fish eye lens would be used in 

conjunction with the new light source. These two adjustments would 

greatly increase the resolution of the borehole camera. 

5.A Videologging 

The results obtained from the borehole camera were not 

satisfactory enough to warrant its used in holes C-2 and C-4. Well 

Scan Video Survey, Inc., of Phoenix was contracted to videolog C-2 and 

C~4. The videologging was conducted in July, 1985. 

5.4.1 Equipment 

The equipment used to videolog the holes was a monitor, tape 

machine and a videocamera. The videocamera was equipped with a fish 

eye lens; the light source was mounted in front of the camera lens. 

5.4.2 Procedure 

Videologging the boreholes was a simple process. The video 

camera was lowered slowly into the borehole. Since a video monitor 



was at the site, the view from the camera was immediately displayed. 

Certain portions of the borehole that looked interesting could be 

studied in more detail by raising the camera above the zone and then 

lowering it slowly until the desired view was obtained. Distance down 

the borehole was determined by hanging a tape measure from the top, 

the tape being read on the display monitor. 

5.4.3 Results 

The results obtained from the videologging met the objective 

of displaying fractures on the core logs and by identifying new, 

smaller fractures that were not recorded on the core logs. 

5.5 Packer Testing 

5.5.1 Introduction 

The final and most important step in selecting a plug interval 

is packer testing. Two important objectives are met during packer 

testing: the determination of the interval's hydraulic conductivity 

and with it the confirmation of the interval's competency. Fractures 

that went unnoticed during core logging and videologging would show up 

during packer testing as a more rapid decay curve. The objective in 

the packer test phase, however, was to find an unfractured interval. 

5.5.2 Equipment 

The test equipment needed to perform the packer tests includes 

packers, cable or rope capable of supporting the weight of two 

packers, tubing, a pressure source, and a device with which to monitor 

the pressure. The packers need to be of a size that, when expanded, 



would effectively seal the interval tested. The packers used in the 

6 1/2 inch boreholes were manufactured by Roctest, Inc. These packers 

are capable of inflating to a diameter of 8 inches. The lower packer 

is 68 inches long and the upper packer, which was also used singly, is 

55 inches long. 

The packers, when used together to straddle an interval, are 

separated by a length of cable, which can be adjusted to accommodate 

different interval lengths. The packers were lowered into the hole by 

hand with 1/4 inch nylon rope. 

Nylon tubing with a 1/8 inch O.D. was used to connect the 

packers and injection interval to their respective fixtures on the 

surface. The tubing is rated to approximately 600 psi, which is much 

higher than the test requirements, and its flexibility makes it 

desirable for packer testing. However, after conducting several 

packer tests, it would be recommended to use larger diameter tubing, 

such as 3/16 or even perhaps 1/4 inch O.D., to reduce the friction 

losses. 

The pressure slug applied to the interval can be developed by 

a variety of methods. Two methods were used at Cargodera Canyon. The 

first method was to used a hand-operated pump. This pump operates by 

displacing a piston with a screw. As the screw is turned, the piston 

moves in toward the reservoir, pressurizing the fluid in it and in the 

line connected to it. This pump was used only for hole CCR/C-3. For 

C-2, a nitrogen over water pump was used. A piece of 2 1/2 inch O.D. 

clear PVC tubing was capped at both ends. The caps have fittings on 



them enabling lines to the interval and from a nitrogen source to be 

connected. The tube is pressurized from the regulator on the nitrogen 

bottle. The pressure in the lines is read by a precision pressure 

gage. The nitrogen over water system proved to be a better device for 

applying the pressure slug into the intervals. 

The decay of the pressure was monitored by a 50 psi Dynisco 

pressure transducer in conjunction with a strip chart recorder. The 

strip chart recorder is a three pen quartz controlled Servigor 430 

model, which runs off 110 volts. The A to D converter for these tests 

was manufactured at the University of Arizona instrument shop. The 

entire system was tested and calibrated in the lab prior to its 

placement in the field. 

5.5.3 Procedure 

The procedure for straddle packer testing is simple, yet care 

must be taken to ensure that it is conducted properly. If not, 

leakage can occur through either or both packers, injection lines, 

fittings and valves. The leakage may be slow enough to avoid 

instantaneous recognition and influence the results of the test. 

The straddle packer assembly is lowered into the hole to the 

desired depth (Figure 5.3). The lower packer is inflated and allowed 

sufficient time, around 10 minutes, to equilibrate. The top of the 

packer is measured and recorded. Water is then poured into the hole 

until the upper packer is partly submerged. The upper packer is then 

inflated and allowed to equilibrate. Before the upper packer has 

completely expanded to the borehole wall, the pump is activated to 
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de-air the lines to the injection interval. The packers are allowed 

to equilibrate in the borehole for another 30 minutes prior to test 

initiation. 

The test involves applying a pressure to the interval with the 

pump. Once achieved, the desired pressure is shut into the interval 

by means of closing a valve at the surface. The pressure transducer 

is connected to the injection line between the valve and test 

interval. The strip chart recorder is started when the valve is 

closed. The starting pressure, time and date is recorded on the strip 

chart, as well as the speed of the strip. 

The packers are inflated to pressures between 100 and 200 

psi. At shallow depths, care must be taken so that the packers do not 

open fractures intersecting the borehole parallel to the borehole 

axis. Also, the injection pressures never exceeded 20 psi. Ziegler 

(1976) recommends that the injection pressure not exceed 1 psi per 

foot of depth. If exceeded, the pressure could cause uplift through 

horizontal fractures. 

5.5.4 Results 

5.5.4.1 Borehole C-3. Hole C-3 could not be testing using 

the straddle packers due to its shallow depth. The borehole was 

originally drilled to a depth of 12 feet, but a core barrel lodged in 

place during drilling rendered the bottom 4 feet unusable. The 

borehole could, however, be tested with a single packer, in which case 

the top of the core barrel would need to be sealed off from the upper 

portion of the borehole. 
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An attempt at making an impermeable base was made when rocks 

and sand were dropped on top of the core barrel. Approximately 1000 

bentonite tablets were then dropped down the hole and saturated with 3 

liters of water. The clay formed a plug approximately 6 inches 

thick. The top of this plug was measured to be 7 feet 2 inches from 

the surface four days after it had been placed. 

Single packer tests were conducted in this interval (Figure 

5.4). The interval/system, however, proved incapable of maintaining 

any pressure build-up. This interval was abandoned by filling it with 

sand and gravel. The sand and gravel layer was capped with a 6 inch 

cement cap. The top of the cement cap was measured at 5 feet 3 inches 

from the surface. Another series of packer tests in this interval 

were run, but again the system never maintained pressure. 

The intervals may have lost the pressure build-up through 

fissures in the rock, in which case it was a legitimate assessment of 

the intervals* hydraulic conductivity. Other factors, however, may 

have caused the rapid pressure decay in the interval. The lower clay 

plug tested in the first series of packer tests may have been 

incapable of supporting the applied pressure during the pressure decay 

tests. The pressure may have been dissipated through consolidation of 

the clay plug or through fissures and cracks that may have formed 

after the plug was constructed. A pressure loss through the clay plug 

may not be an indictment against plugging with clay, but an 

observation about the sealing performance characteristics of a 6 inch 

clay plug. Perhaps if the water pressure in the borehole were 



Strip Chart 
Recorder 

.Gauges Packer Nitrogen 
fnflation Source 

-A*D Converter 
Upper Packer 
inflation Line 

\ Pressure / 
Transducer Pump 

Lower Packer Inflation Line Interval Pressure Line 

Upper Packer 

Test Interval 

Figure 5.4 Single packer assembly. 



60 

maintained for a longer period of time, the clay plug may have 

equilibrated under that pressure. Perhaps then, any pressure decay 

thereafter would be due to flow into small fractures or pores in the 

rock itself. 

The second series of packer tests which had a cement plug as 

the lower base performed with the same rapid decay as the first. If 

the pressure decay was not due to fracture flow into the rock, 

neglecting any equipment malfunction, it might have been due to a 

faulty bottom cement base. The cement base may not have expanded 

sufficiently in the borehole to seal the interface. Injected water 

would then pass through the interface into the permeable base of sand 

and gravel beneath the plug. 

The plug may have caused the rapid decay of the injected 

pressure slug. However, the actual subsequent plug tests performed on 

cement and bentonite plugs of a similar size showed that the plugs 

performed quite well. The most probable cause of pressure loss in the 

borehole is actual flow into the borehole wall through joints and 

fractures. Table 3.2 lists only one apparently unfractured interval 

in the borehole and another marginal interval above it. A zone 

between the two intervals of approximately 1 foot 4 inches is not 

listed, which indicates that a higher number of fractures in it than 

desired for testing. This interval may have accounted for the 

pressure losses during both tests. 

Borehole C-3 was not the most desirable hole at the site for 

borehole plugging tests, due to its shallow depth and apparent 



abundance of fractures. To better determine the actual cause of such 

pressure losses in the future, it is recommended that when performing 

single packer tests above a man-made base, video or photographic logs 

of the plugs be taken prior to packer testing. Perhaps a visual 

inspection of the plug would reveal a flaw in the plug that would 

account for pressure losses during slug testing. 

5.5.A.2 Borehole C-2. Hole C-2 was cleaned out and made 

ready for testing in July of 1985. The first interval selected for 

testing was between 10 and 14 feet. This interval was long enough, or 

so it was thought, to hold both packers. The slower packer, however, 

would not go past 12 feet in the borehole. An obstruction in the 

bottom of the hole would not allow the packer to be lowered to its 

desired position. Several attempts were made to remove the 

obstruction but did not work. 

Single packer tests were utilized again to select a suitable 

interval. The bottom of the hole was raised 8 inches by pouring sand 

down the hole and then capping it off with 5 inches of cement. The 

bottom of the hole was then measured to be 13 feet 4 inches from the 

surface. Packer tests were conducted in the interval between 13 feet 

4 inches and 10 feet 10 inches. The decay, while not as rapid as that 

observed in C-3, was high enough to cause concern. The hydraulic 

conductivity calculated from the decay curve was in the order of 10 6 

cm/sec, which made the interval of marginal quality and desirability 

as a host for plug tests. Upon careful review of the video logs, two 

very small fractures were observed at approximately 13 
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feet. This observation was confirmed by that of the project 

geologist, Nora Colburn. This, incidently, is testimony to the merit 

and usefulness of the videologging system. 

A new interval was prepared for testing by pouring more sand 

and then a cement cap on the bottom. The depth was brought to 12 feet 

3 inches. The new interval tested was between 12 feet 3 inches and 9 

feet 9 inches - a 30 inch interval. The packer test conducted in this 

interval indicated that it would be suitable for plug tests. 

The packer test was conducted starting July 31 and ended 

August 2 for a duration of 52 hours. The packer pressure throughout 

the test was maintained at 150 psi. Figure 5.5 is the resulting decay 

curve plotted on semi-log paper. 

5.5.5 Analysis of Slug Test Data 

Once the decay test is complete, the curve plotted by the 

strip chart recorder is replotted by plotting pressures at time t as a 

percentage of the original pressure on the arithmetic scale of 

semi-log paper. The log scale is for plotting the time, t (in 

seconds). One note of caution, however, is that any elevation head 

between the transducer and interval must be added as a constant to the 

decay curve. If not, errors in calculating the hydraulic conductivity 

will occur, the error increasing in magnitude as the distance between 

the transducer and interval increases. 

The new decay curve is then overlaid on a set of type curves 

(Figures 5.6 and 5.7). The type curves' development, as well as slug 

test analysis, is discussed rigorously in papers by Bredehoeft and 
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Papadopulos (1980), and Bredehoeft, Cooper and Papadopulos (1967, 

1973). The decay curve is then moved horizontally over the type 

curves until a best fit is obtained. The bottom line of the decay 

curve graph must be kept along the bottom line of the type curve 

graph. When a best fit is obtained, the value of p is read off the 

type curve graph. The corresponding time value for that point is read 

off the decay test curve. 

The values of P and t are substituted into the equation 

K = (PS )/(irLt) 
w 

where S = V y C 
w w w ps 

L = interval length 

t = time picked off decay curve in seconds 

P = variable picked off type curve graph 

Cps is an empirical factor regarding packer compliance and is derived 

in the laboratory prior to slug testing. The method involves placing 

the packers in a steel pipe, as if it were a borehole. The interval 

between the packers is filled with water. The volume of water, AV, 

required to raise the pressure a certain amount, AP, is recorded, as 

well as that pressure. C is expressed as (1/V HAV/AP), V being 
ps WW 

the initial volume of water in the interval. 

The decay curve for C-2 was analyzed by the aforementioned 

procedure. A value of 7.88 x 10-1̂  cm/sec was computed for the 

hydraulic conductivity of the interval between 12 ft 4 in and 9 ft 9 

in. 



CHAPTER SIX 

IN-SITU TESTING OF CEMENT PLUGS 

6.1 Introduction 

The assessment of the sealing performance characteristics of 

cement plugs placed in situ in a granitic rock mass is the ultimate 

goal of this investigation. To do this, several obstacles had to be 

overcome. Initial borehole plug studies by other researchers were 

conducted in boreholes that penetrated an aquifer. The ambient 

pressure of the aquifer provided the driving force to induce flow 

through the plug. These conditions enabled permeability assessments 

to be performed by pressure build-up tests, volume build-up tests and 

tracer tests. Another investigation performed at the Oracle Ridge 

Mine used a borehole inclined 10° off horizontal that penetrated two 

drifts, enabling access above and below the plug. This set-up allowed 

researchers to inject water above the plug and collect it on the other 

side without penetrating the plug with tubes of any sort (Daemen et 

al., 1983). 

The situation at Cargodera Canyon is different than other 

previous plug performance tests. The major difference, and also the 

greatest obstacle, between previous tests and the proposed tests at 

Cargodera Canyon is the single-end accessible boreholes. There is no 

ambient aquifer pressure which can be utilized as an injection source, 

and there is also no access to the bottom of the holes to either 
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inject or collect water. The solution also proved to be the greatest 

weakness in the plug design and installation, which was to install the 

plugs with tubes through them. 

6.2 Plug Design 

The solution to the problem posed at Cargodera Canyon was to 

install the plugs with tubes through them. This would provide access 

to the bottom of the plug. Great concern was expressed, however, 

regarding the possibility that the interface between the plug and the 

tube could open and provide a preferential flow path for the injected 

water. Such a preferential flow path would "short circuit" the 

plug-rock system and make any test performed worthless, except as an 

assessment of the flow conditions existing between a cement plug with 

a small tube through it. To insure that this was not the condition, 

tests in the lab simulating a plug with a tube through it were 

conducted. The results are reported in Chapter 7. 

The plug design is illustrated in Figure 6.1. The design 

tests two plugs that straddle a common injection zone. Above the top 

plug and below the bottom plug are the collection intervals. The 

upper collection interval is capped by another cement plug. The 

lower collection interval is isolated from the bottom of the hole by a 

PVC cap glued onto a platform. The injection and collection intervals 

are identical in construction and performance. The intervals are sand 

layers with tubing in them that connects to the appropriate equipment 

at the surface: the injection interval to the injection pump and the 

collection intervals to the collection equipment. The tubing used in 
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the intervals is 1/4 inch O.D. perforated copper tubing, which is 

coiled into a 5 1/2 inch disk. Two coils are in each interval and are 

connected to separate tubes: one a 1/4 inch O.D. stainless steel tube 

and another a 1/8 inch stainless steel tube. The 1/8 inch O.D. tube 

is inserted into the 1/4 inch O.D. tube. The tube-within-a-tube 

allows tracer to be circulated in the intervals (Figure 6.2). 

The test interval requires at least a 30 inch fracture-free 

interval in the borehole. This interval may be located several feet 

above the bottom of the borehole, which requires a platform. The 

platform is constructed of a wooden disk which is affixed to the 

appropriate length of pi£e and is lowered down the hole. A PVC 

collection cup is lowered down on top of the platform. On the bottom 

of the cup is a disk that meshes with a ring on top of the wooden 

disk. The annulus on the bottom of the cup is coated with silicone 

seal. When the disk is lowered onto the platform, the ring extrudes 

the silicone seal out and around the rock-cup interface, isolating the 

collection interval from the bottom of the borehole. 

6.2.1 Collection and Injection Apparatus 

Any flow that is into the collection intervals will displace 

an equal amount at the surface, raising the water level in a 10 ml 

pipette. However, the flow would have to be substantial, i.e. on the 

order of 2 cc, in order to be detected. Because high negative flows 

(those into the collection zone) were anticipated, the pipette was 

connected in parallel with a 1" I.D. acrylic tube (Figure 6.3, #8). 

The attached tube was installed to prevent overflows or negative flows 
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so great as to drain the system of water. While the system is not 

very accurate, it may at least give a good assessment as to the 

long-term gross performance of the collection interval. Negative flow 

is a condition that may only last for a period of a year or so. For 

long-term assessments of the plug performance, the collection system 

would be modified to provide greater accuracy in measurement. The 

overflow tube would be disconnected and a sensitive pressure 

transducer attached to the bottom of the pipette. The pressure 

transducer would read the head from the column of water above it. The 

transducer can be calibrated to determine the equivalent increase or 

decrease in volume of water in the pipette from the pressure changes. 

The injection apparatus is a 12 inch long, 2.50 inch I.D., 

stainless steel pump. A piston inside the pump pressurizes the 

water. The piston is driven by nitrogen gas. Attached to the piston 

is a rod that extends outside of the piston. By precisely measuring 

the displacement of the rod, the volume of the injected water can be 

accurately determined. This system can also be connected to 

electronic monitoring devices. A linear voltage displacement 

transducer (LVDT) can attach to the rod, providing data for a data 

acquisition device at the site. The pressure of the injected water 

can be monitored by a pressure transducer connected to the injection 

line. This data will also be fed into the data logger. 

6.3 Plug Installation in CCR/C-3 

Since no valid data existed for the permeability of the rock 

surrounding the borehole, and hence no information regarding 



fractures, the borehole could not be plugged using the initial 

design. If a fracture existed in the injection zone interval, water 

would be injected into the fracture and not into the plugs. To a 

lesser extent, a fracture in either of the collection zone intervals 

would result in faulty mass balance of the plugs. 

The plug design for hole C-3 would have to incorporate a way 

in which water could be injected into the plugs, and not into an 

unknown fracture. The solution was to case the injection interval. A 

10 cm long, 17.5 cm diameter piece of pvc tubing was used as the 

casing material. After the lower plug was poured, the pvc was lowered 

down the hole by a length of cord. The cord was attached to the top 

of the casing through two holes drilled .5 cm from the top of it. The 

casing was lowered until the lower 1 cm of it was covered in wet 

cement. The cord was secured at the surface to keep the casing in 

place as the cement hardened. The following day, the cord was removed 

from the casing and work on the top plug commenced. 

Before pouring the top plug, the injection apparatus was 

placed inside the casing. The casing was filled to within 2 cm of its 

top with sand. The upper plug was poured on top of the cased-off 

injection interval (Figure 6.4). Problems later arose when it was 

discovered that the upper plug had invaded most of the sand in the 

injection interval, making it impossible under the present conditions 

to conduct any tracer tests in this hole. 

6.3.1 Plug Emplacement Procedure 

The bottom of hole C-3 is quite shallow, and near the target 
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depth for plug emplacement. A base 18 cm high was made of 17.5 cm 

diameter pvc tubing and was capped at the top with a 1.25 cm thick 

piece of pvc. A ring with an inside diameter of 10 cm and an outside 

diameter of 17.5 cm was made of the same material and was glued on top 

of the cap. The cap had a 1 in NPT hole in the center. The threading 

enabled the base to be attached to a pipe which lowers the base into 

position. Once the base is situated on the bottom of the hole, the 

pipe is unscrewed from the base and lifted out of the hole. 

The collector cup fit on top of the base (Figure 8.5). The 

cup was also constructed of 17.5 cm pvc pipe. The cup was 10 cm long 

and was capped on the bottom by 1.25 cm thick pvc. A disk 9.75 cm x 

1.25 cm was centered on the bottom of the cap. A 1 in NPT flange was 

mounted in the center of the cap on the interior of the cup. The cup 

was lowered in the same manner as the base. Before lowering the cup, 

the annulus outside the disk was heavily coated with silicon seal. As 

the cup lowers on top of the base, the ring on the base and the disk 

on the cup forces the silicon seal outside along the edges of the 

borehole, sealing the collector from the bottom. Once the 

base/collection cup system was in place, the cup was filled 1 cm past 

its top with sand. 

The cement plug was made of nine standard batches of System 1 

cement that were mixed separately then together before being placed in 

the bailer. The bailer was made of a 1.2 m long, 10 cm diameter piece 

of pvc pipe capped on one end. Several 1 cm diameter holes were 

drilled along the bottom edge of the bailer, in hopes that the side 
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release would be less violent than a bottom release. The upper plug 

was also made of nine batches of System 1 cement and was poured with 

the bailer. 

Following the installation of the top plug, the collection 

system for it was installed. The collection tubing with circulation 

ports was lowered into the hole, covered with 6 cm of sand and a final 

15 cm cap of cement was poured. 

6.3.2 Post-Installation Work 

The sand used in this test is sorted, dry Ottowa sand. Wet 

sand could not be used due to problems encountered with it when cement 

was poured on top of it. Before the test could be started, however, 

the sand had to be saturated. Saturation of the sand was achieved by 

attaching a vacuum pump to one of the two output lines of the 

collection or injection system, while the other line was shut off. 

The vacuum was applied for five minutes. At the end of this time, a 

valve between the vacuum and the sand interval was closed and a valve 

on the other line to the interval was opened with the end of the line 

immersed in water. Water was allowed to flow into the interval until 

equilibrium was attained. 

It was during the saturation of the injection interval that 

the cement invasion of the sand layer was first noticed. The vacuum 

built up immediately on the line to the upper injection port, 

indicating that it had been clogged with cement. The vacuum in the 

lower interval built up slower, indicating that the cement had not 

completely invaded the injection interval. Another reassurance that 
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the cement had not completely filled up the injection interval was 

that the water taken from the one tube was over 100 cc, indicating 

that there was void space in the sand around the lower injection port. 

It was most unfortunate that the injection interval had to be 

cased. Casing the interval isolated only the cement. Hydraulic 

conductivity measurements performed only assessed the quality of the 

cement and not its overall performance as a sealant in the rock. 

However, the flexibility of the design enables any interval to act in 

either a collection or injection capacity. As such, another 

collection interval was placed on top of the cap plug after 

approximately 90 days of constant head tests, and an additional cap 

plug was poured over it. The old upper injection interval was 

connected to the injection pump and the old injection interval became 

the lower collection interval (Figure 6.5). A new test was started, 

this time enabling the granite, plug and interface to be tested. 

6.4 Plug Installation in CCR/C-2 

The experience gained in plugging C-3 proved valuable when 

plugs were placed in C-2. Minor changes were made in the plug design 

to improve the performance of the testing equipment and results. The 

first change was to place the bottom collection interval on a cement 

base. The performance of the bottom collector in C-3 has shown that 

the silicone seal is not effective in sealing the interval from the 

bottom. The second change was to use approximately one inch more of 

sand in each interval. The clogged injection port in C-3, even though 
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it occurred under special circumstances, was enough of a problem to 

encourage the avoidance of a similar incident. 

The installation proceeded by placing the lower collection 

tubing down the borehole and pouring 2 liters of sand on top of it. A 

plug was placed on top of the lower collection interval by bailer. 

The plug is made from 9 batches of System 1 cement, as before. The 

following day the plug had hardened, allowing the injection interval 

to be placed in it. The tubing for the injection system was lowered, 

covered with 2.5 liters of sand and the top plug poured on top of it. 

The top plug is 9 batches of System 1 cement, also bailer placed. 

The same procedure was repeated for the top collection interval. 

However, the cap plug was only 7 batches of System 1 cement. 

A new problem identified itself upon placement of the cap 

plug. After the bailer was emptied, it caught on one of the tube 

assemblies down the hole as it was raised. The bailer was lowered 

down then gently pulled upwards in an attempt to free it. The bailer 

did free itself, but not until it had raised the upper collection 

tubing several inches. It was not discovered until later that the 

collection apparatus had been raised and that the top coil had become 

covered with cement. However, during saturation of that interval, the 

interval took a large quantity of water, allaying any fears that this 

interval would not perform as well as the others. The only 

restriction imposed by the clogged port was the inability to sample 

for tracer in that interval. 
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The last problem noticed with the system arose when the 

intervals were being saturated. The injection interval never built up 

sufficient vacuum to draw water into it. The vacuum pump was 

disconnected. A line from the interval was connected to a nitrogen 

bottle. A small increment of pressure was applied to the line. After 

a few seconds of this a hissing sound was heard coming from the 

borehole. Water was trickled down the hole onto the fittings and the 

TEE on the 1/4" tube was observed to be bubbling. Apparently, a 

fitting on the TEE hadn't been tightened sufficiently before it was 

lowered down the borehole and cemented in place. 

The leaky fitting was sealed by pouring a cement plug around 

it. Sand was poured down the hole on top of the cap plug until it was 

8 inches below the fitting. Fifteen batches of system 1 cement were 

made and placed on top of the sand layer. The top of the cement plug 

was 8 inches above the fitting. This was decided to be the best 

solution to the leaky fitting. The leak was small enough that cement 

would not invade the tubing. Also, water from the tubing would not be 

absorbed by the cement plug in appreciable quantities. 

6.5 Constant Head Injection Tests 

The initial testing performed on the plugs in C-3 was a 

constant head injection test. The test was conducted by applying a 

pressure to the pump that produced the desired injection pressure. 

The piston inside the pump fits tightly, which requires a driving 

pressure above that of the desired injection pressure. Prior to 
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placement of the plug in the field, the pump was tested in the lab to 

determine the resistance of the piston to pressure applied. 

Once the desired injection pressure is attained, the time, 

date, pressure and position of the rod are recorded, as well as the 

levels of the water in the collection tubes. Visits to the site on a 

regular basis afterward are made to record any changes in the system. 

The analysis of the data from the constant head injection 

tests is simple, however not entirely correct. The analysis assumes 

Darcian flow conditions exist. Darcy's law can best be explained by 

the Oarcy equation, which states 

2 
K = QL/(HirR ) 

where K = hydraulic conductivity 

Q = flow rate of water through sample 

L = length of sample 

H = head applied 

2 
irR = cross sectional area of sample. 

Darcy's law assumes steady-state conditions exist and that the outflow 

is the quantity, Q. In the analysis of the Cargodera Canyon data, 

steady-state conditions are assumed to exist and the value for Q is 

obtained from the inflow volume. 

6.5.1 Results 

The results of the first constant head test performed in 

CCR/C-3 are listed in Table 6.1. The hydraulic conductivity of the 
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Table 6.1 Constant Head Injection Test #1, CCR-C3 

Pressure Time Flow In Hydraulic Conductivity 
(psi) (min) (cc) (cm/sec) 

10.0 1500 8.85 1.18 X 

00 1 o
 

rH 

12.0 4270 2.41 9.41 X 10-10 

20.0 1250 1.60 1.28 X 10-9 

25.0 4230 7.24 1.37 X 10-9 

27.6 6060 3.22 3.85 X 10-10 

29.6 10200 4.02 2.66 X io-10 

48.8 2550 2.41 3.87 X io-10 

47.0 20160 4.83 1.02 X io"10 

45.0 9965 4.02 1.79 X io"10 

53.0 37820 3.22 3.21 X io"11 

CN
J 00 <

 20140 1.60 3.33 X io"11 

53.2 9900 .80 3.35 X io"11 

51.2 7200 .80 4.34 X io"11 

38.8 11460 4.82 2.10 X io"10 

39.4' 2915 2.41 4.86 X io"9 

39.8 5820 2.41 2.08 X io"10 

41.6 1500 1.61 5.16 X io"10 

42.5 1560 .80 2.41 X io"10 

39.8 8460 1.61 9.56 X io"11 

38.6 2610 .80 2.41 X io"10 

54.0 1620 1.61 3.68 X io"10 

53.2 5760 2.41 1.57 X io"10 

54.0 17280 7.24 1.53 X io"10 

52.7 2820 1.61 2.14 X io-10 

55.2 8730 1.61 6.59 X io-11 
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cement plug ranges from 1.18 x 10~ cm/sec to 3.31 x 10 c/msec. 

The readings 3.21 x 10 through 2.10 x 10 are suspect. On one 

trip to the field a valve between the pump and injection interval was 

noticed to be shut. The valve was opened and a greater quantity of 

water was injected into the interval over the next few days. The 

-9 
increased flow rate is evident by the 4.86 x 10 value for the 

hydraulic conductivity, calculated for that period. The hydraulic 

-10 
conductivity quickly dropped back to between 5.16 x 10 cm/sec and 

6.59 x 10 cm/sec. 

The next constant head test performed in CCR/C-3 was on the 

new injection interval. This interval was not cased, allowing water 

to be injected into the borehole as well as plugs. Table 6.2 lists 

the results of this test. The results are very similar to those from 

-9 -11 
the cased interval, ranging between A.60 x 10 and 6.81 x 10 

cm/sec. 

6.6 Transient Testing of Cement Plugs 

Long-term permeability tests conducted on impermeable 

materials, such as those tested in this project, demand, from its 

name, large amounts of time. A rapid, accurate assessment of an 

impermeable material cannot be conducted using conventional 

techniques. The advent of pressure decay transient tests has 

contributed greatly to the speed and accuracy with which low permeable 

materials can be assessed. Applying a pressure to a sample and then 

measuring the decay of that pressure over time constitutes a pressure 

decay test. The test is very simple to conduct, and perhaps more 
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the cased interval, ranging between 4.60 x 10 and 6.81 x 10 

cm/sec. 

6.6 Transient Testing of Cement Plugs 

Long-term permeability tests conducted on impermeable 

materials, such as those tested in this project, demand, from its 

name, large amounts of time. A rapid, accurate assessment of an 

impermeable material cannot be conducted using conventional 

techniques. The advent of pressure decay transient tests has 

contributed greatly to the speed and accuracy with which low permeable 

materials can be assessed. Applying a pressure to a sample and then 

measuring the decay of that pressure over time constitutes a pressure 

decay test. The test is very simple to conduct, and perhaps more 
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Table 6.2 Constant Head Injection Test #2, CCR-C3 

Pressure Time Flow In Hydraulic Conductivity 
(psi) (min) Ccc) (cm/sec) 

25.0 1260 7 .24 4 .60 X 10-9 

26.0 5850 0 .80 1 .05 X 10-10 

28.0 13080 8 .04 4 .39 X lO"10 

27.2 10200 4 .02 2 .90 X lO"10 

26.2 7080 0 .80 8 .63 X 10"11 

29.8 2970 3 .22 7 .28 X lO"10 

28.6 20070 4 .02 1 .40 X lO"10 

27.2 10080 2 .42 1 .77 X lO"10 

27.4 4440 0 .80 1 .31 X lO"10 

25.8 5700 0 .80 1 .09 X lO"10 

26.2 14460 5 .64 2 .98 X io"10 

23.0 7200 0 .80 6 .81 X lO"11 

26.7 10008 2 .42 1 .28 X io"10 

27.5 10038 4 .83 2 .47 X io"10 



importantly, less time-consuming than standard permeability tests. 

However, the analysis of the data is difficult and the theory and 

mathematics behind the analysis complex. 

6.6.1 Procedure and Equipment 

The procedure for conducting a pressure decay test is simple. 

The equipment needed to run a decay test is a pump of some sort that 

can apply a given pressure to the sample and some means of monitoring 

the pressure. A gage read at specified time intervals will work, a 

strip-chart recorder with a pressure transducer to monitor the decay 

is better, and a digital data logger and transducer is best. The 

advantage of a digital recorder is that the data can be fed directly 

into various programs, without having to be manually picked off a 

chart and loaded onto a file. 

The procedure is to apply a given pressure to the desired 

interval and then isolate the interval from the pressure source. 

Pressure is applied with a pump that is made of 2" O.D. tubing that is 

capped on both ends and mounted vertically on a stand. The caps have 

fittings that enable lines to be connected. The top line connects to 

a source of pressurized nitrogen and the bottom line connects to the 

interval being tested. The tube is filled with water. Pressure is 

applied to the water by the nitrogen gas source. When the desired 

pressure for the decay test is reached, a valve between the pump and 

the interval is closed, shutting in the pressure. A pressure 

transducer as well as a gage is connected to the line between the 

valve and the interval. The decay test should be allowed to run until 



the pressure has dropped below 50% of the starting pressure. Since 

the pressure transducer is mounted at the surface, the head of water 

between the transducer and interval should be added to the transducer 

values. 

6.6.2 Analysis of Pressure Decay Tests 

The method best suited for determining the hydraulic 

conductivity of the rock mass and that of the borehole plug/rock 

system was developed by Cooper, Bredehoeft and Papadopulos (1967, 

1973) and Bredehoeft and Papadopulos (1980). 

The pressure decay or slug test used at Cargodera Canyon is 

similar to the conventional slug test. The conventional slug test is 

conducted by creating an instantaneous head change in an open pipe in 

the test well. The decay of the slug is monitored. The pressure 

decay test used at Cargodera Canyon is performed by increasing the 

pressure in the test interval. The pressure decay is then monitored 

at the surface with a transducer and strip-chart recorder. 

The analysis of the decay test assumes radial, non-steady flow 

in a saturated medium (Bredehoeft and Papadopulos, 1980). The 

assumptions may not be valid for a pressure decay test performed in an 

interval isolated by borehole plugs. Since radial flow conditions are 

assumed, any flow occurring through the plugs will be treated as that 

which flows into the rock; the magnitude of the flow will be a 

function of the hydraulic conductivity of the plug. A plug with a 

hydraulic conductivity equal to or less than that of the borehole 

rock's might have an identical decay curve as that originally obtained 
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by the initial packer tests. A plug with a higher hydraulic 

conductivity than the borehole rock's would increase the rate of 

pressure decay over the initial decay test. 

The pressure decay test provides a qualitative assessment of 

the plugs' performance, and is by no means rigorous. A comparison 

between the borehole's and the plugged borehole's decay curves will, 

to a large degree, determine if the plug is performing as desired. 

One problem with using such a comparison for this research, however, 

is that the length of the borehole wall exposed in the plugged 

interval is much less than that originally used to determine the 

hydraulic conductivity of the rock. The interval, if suitable, is 

assumed to be homogeneous. When performing a decay test once the 

plugs are installed, the length of the borehole wall exposed is 

decreased by as much as an order of magnitude. The small zone between 

the borehole plugs may not be representative of the overall hydraulic 

conductivity measured during the initial decay test. 

6.6.3 Pressure Decay Test Results 

During a decay test, air was discovered to be in the 

intervals. The analysis of a two-phase test is difficult and was 

therefore not conducted. The decay curve for a test conducted with 

gas will be more gradual than a decay test conducted with water. A 

combination of gas and water would yield a curve somewhere between 

these two curves. Therefore, a comparison between the decay test 

conducted on the plugs and the one initially conducted to determine 

the hydraulic conductivity of the borehole wall could not be made. 



CHAPTER SEVEN 

LABORATORY TESTING 

7.1 Introduction 

The objective of the laboratory testing phase of this study 

was to determine whether certain procedures, equipment designs, and 

plug emplacement techniques would prove to be worthy in a field 

environment. Three main experiments were conducted in the 

laboratory. The first was a prototype of the plug system built to 

scale. The prototype was used for several tests and equipment 

evaluations once constructed. The second set of tests had the 

objective of assessing the performance characteristics of cement plugs 

with tubes through them. The third set of tests was conducted to 

assess the affects of water channeling through cement plugs. 

7.2 Plug Prototype 

The plug prototype was constructed to give a physical 

representation of the proposed plug design. The construction of the 

plug also provided valuable experience in plug emplacement 

procedures. The plug prototype, once constructed, proved very useful 

in testing other procedures that were to be used in the field. 

Instrumentation for the field site was initially tested and calibrated 

on the prototype. 
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7.2.1 Prototype Construction 

The plug prototype was constructed In a 7 inch O.D. clear 

acrylic tube 30 inches high. A PVC sewer cap was lowered to the 

bottom of the pipe and sealed to a disk on the bottom with silicone 

seal, as was done at Cargodera Canyon. The collection tubing was 

lowered to the bottom of the tube and covered with sand. The first 

cement plug, a mix made of nine batches of System 1, was then bailer 

placed on top of the sand layer. Bailer placement of the plugs in the 

prototype would determine the turbulence of the cement release. If 

the turbulence is too great, the cement could invade the injection/ 

collection intervals and clog the tubing. The modified bailer used 

for plug emplacement proved to work quite effectively, however, in 

retarding turbulence during cement release. 

The next test performed on the prototype was to assess the 

method designed to saturate the sand after the plugs had hardened. 

The plugs were not poured on saturated sand because past tests (Daemen 

et al., 1983, 1986) had shown that the pore fluid in the sand would be 

forced up through the cement plug, sometimes with detrimental 

effects. At that time it was believed that the sand intervals could 

be saturated from the surface. 

The method for resaturating the sand was relatively simple. A 

vacuum was applied to one of the lines leading to the interval, with 

the other line to the interval closed off. The vacuum was applied for 

approximately 5 minutes, after which the vacuum was shut off and a 

valve between the vacuum and the interval was closed. The valve on 
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the other line was then opened while the line was Immersed in water. 

The vacuum in the interval drew water into the interval. The tests 

conducted in the lab to assess this procedure concluded that the 

saturation procedure worked acceptably for the scale of the laboratory 

tests. 

7.2.2 Equipment Calibration 

For long term testing at Cargodera Canyon, a data logging 

system on site was desired. The data logging system is designed 

around an Apple HE computer. The computer records digital inputs 

from various pressure transducers, linear voltage displacement 

transducers (LVDTs), and thermocouples. Prior to installing the 

equipment in the field, it was connected to the prototype and actual 

testing of the plugs was conducted. The prototype enabled an accurate 

performance assessment of the data logging system's hardware and 

software to be made. 

7.3 Effects of Pipe Through Plug 

The installation of borehole plugs with pipes through them 

generated concern that the interface between the pipe and plug might 

be a preferential flow path. If it is, any tests performed would not 

be an assessment of the sealing performance characteristics of a plug 

in granite. Therefore, to determine the effect tubes would have on 

the performance of the plugs, laboratory tests simulating the 

situation were conducted. 
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A similarity exists between a pipe through a plug and a sealed 

shaft. The shaft could be considered to be a much larger pipe in a 

borehole. The laboratory test designed to assess the effect of a 

1/4-inch pipe through a plug was altered to accommodate testing of 

larger pipes through a plug and hence determine how effectively a 

model shaft can be sealed. 

7.3.1 Test Equipment and Procedure 

A piece of 4 inch I.D. clear acrylic tubing 15 inches long 

simulates the borehole wall. The ends of the tubes were capped. Each 

cap has two holes drilled in it. One hole in the center allowed 

access to the pipe inside the tubing. The second hole was for the 

injection line on the top cap and collection line on the bottom cap. 

The pipes inside the tubes are 1/4 inch stainless steel tubes, which 

simulate the conditions of Cargodera Canyon, and 1 1/2, 2 and 3 inch 

O.D. mild steel pipes. Two of each size were tested for a total of 8 

tests (Figure 7.1). 

The top cap of each tube is connected to the same reservoir. 

The reservoir is a nitrogen over gas pump type made from a length of 1 

inch I.D. clear acrylic tubing mounted vertically on the wall. A 

ruler is attached to the side of the reservoir which enables an 

accurate reading of the height of the water in the tubing to be made. 

The bottom cap on each tube connects to pipets mounted on the side of 

the acrylic tubing. The pipets used are 5 ml capacity for the tubes 

which exhibited high flow rates and are 1 ml capacity for the tubes 
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with low flow rates. The pipets detect any flow into or out of the 

bottom of the plug. 

The test procedure is quite simple. The height of the water 

in each pipet, as well as the reservoir height and pressure, is read 

and recorded once a day or every other day. The pipets are either 

drained or filled if the flow of water into or out of the bottom of 

the plug necessitates it. The constant head pressure test on the 

plugs was conducted for approximately four months. 

7.3.2 Analysis 

The constant head test analysis uses a weighted average to 

calculate inflow. Since all tubes are connected to the same 

reservoir, separate inflow values for each tube are unobtainable. The 

weighted average analysis assumes the flow of water into each plug to 

be proportional to the area of that plug divided by the total are of 

all the plugs. Prior to calculating the inflow, however, any water 

that flows out of the plug is subtracted from the total inflow amount 

of water. In equation form, the analysis is: 

Q = (a /A)(Q - Z Q ) 
i i T 0 

where Q = inflow for plug i 
i 

a^ = area of plug i 

A = total area of all plugs 

0 = total inflow 
XT 

J Q„ = sum of all the outflow values. 
0 



7.3.3 Results of Constant Head Test 

Figure 7.2 is the calculated inflow curve for the tube tests. 

The inflow volumes are much greater than anticipated; those at 

Cargodera Canyon have been considerably less. The hydraulic 

conductivity of the plugs as calculated from inflow is on the order of 

_9 
2 x 10 cm/sec - high for cement. Since outflow information is 

available, noticeable outflow rates should have been observed; they 

were not. Longer term tests, however, may result in steady-state flow. 

Figures 7.3 through 7.9 are the outflow vs. time curves for 

the pipe tests. The curves can be separated into four different 

categories. The separate categories are determined by the flow 

characteristics of the plug. Three flow characteristics exist; 

combinations of them make up the four categories. The three different 

flow characteristics are: outflow, inflow, and no-flow. The flow 

characteristics are determined by the collection pipet on the bottom 

of the plug. 

The first category is inflow into the plug. Tubes 1 and 2 are 

in this category. Tube 1 absorbed a total of 8.3 cc during the test; 

Tube 2 absorbed 6.5 cc. Both tubes have a 1/4 inch stainless steel 

tube through the plug. The negative flow, or inflow, is due, perhaps, 

to the hydrating cement absorbing small quantities of water. 

The second category is a period of inflow followed by no 

flow. Tubes 3 and 6 have exhibited this pattern. Tube 3 absorbed a 

total of 4.4 cc of water for 90 days and then stabilized for the 



96 

120-

(00-

TUBES 182 • 

TUBES 384 • 

TUBES 386 A 

TUBE 8 * 

80-

o o 

5 
Q 60-

40-

6 B 

B A 

20-

I 

• A * 
1 , » 

» «  
T 1 1 1 1 1 I • 

60 80 100 120 20 40 

TIME (doys) 

Figure 7.2 Cumulative inflow values for pipe through plug tests. 
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Figure 7.3 Outflow vs. time for tube 1. This tube has a 1/4 inch 
stainless steel pipe through it. 
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Figure 7.5 Outflow vs. time for tube 3. This tube has a 1 1/2 inch 
diameter mild steel pipe through it. 
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diameter mild steel pipe through it. 
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Figure 7.7 Outflow vs. time for tube 5. This tube has a 2 inch 
diameter mild steel pipe through it. 
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Figure 7.8 Outflow vs. time for tube 6. This tube has a 2 inch 
diameter mild steel pipe through it. 
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Figure 7.9 Outflow vs. time for tube 8. This tube has a 3 inch 
diameter mild steel pipe through it. 
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remaining 30 days. Tube 6 absorbed a total of 2.9 cc for 70 days and 

then stabilized for the remaining 50 days. Tube 3 has a 1 1/2 inch 

diameter mild steel pipe through it; tube 6 has a 2 inch one. This 

category perhaps is developed by a cessation of the hydration which 

caused the inflow. The tubes may have imbibed less water than the 

first two tubes because there is less surface area of cement exposed. 

The third category is inflow followed by no flow followed by 

outflow. Tubes 5 and 8 are in this category. Tube 5 absorbed 1.4 cc 

of water during the first 30 days, stopped for 30 days, and then 

ejected 1.0 cc during the last 60 days. Tube 8 absorbed 1.0 cc of 

water in the first 10 days of testing; the flow stopped for 

approximately 52 days, and then ejected a little more than 1 cc over 

the remaining 60 days. The outflow is either due to water flowing 

through the cement or through the interface between the cement and the 

pipe. Tube 5 has a 2 inch diameter mild steep pipe; tube 8 has a 3 

inch one. 

The fourth category is outflow, into which Tube 4 falls. 

Initially, 6 cc of water were absorbed into the plug during the first 

day. However, the flow rapidly reversed, and a total of 63 cc flowed 

out of the plug during the rest of the test. Tube 4 has a 1 1/2 inch 

mild steel pipe through the plug. The flow through the tube occurred 

through the cement, or, more likely, through a gap between the pipe 

and plug. If the flow occurred through the cement, Darcy's equation 

_9 
would yield a hydraulic conductivity of 1.3 x 10 cm/sec. 
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The flow through the category 3 and A plugs may perhaps be 

flow along an interface between the cement and pipe. If this is the 

case, the interface can be modelled as two parallel plates. The 

hydraulic conductivity between two parallel plates is related to the 

plate aperture (Zeigler, 1976, p. 10): 

2 
= (Y/12v)e 

where y = unit weight of fluid 

p = viscosity of the fluid 

e = plate aperture 

The steady-state flow rate per head change can be described as 

(Witherspoon et al., 1980): 

3 
Q/Ah = c(e ) 

This is a general expression for the cubic law. The constant c takes 

into account fluid properties and flow geometries. For the case of 

radial flow: 

_ ^ Y_ 

~ ln(R/r) 12)i 

and for non-radial flow: 

W y 

° ~ L 12p 

where R,r = inner and outer radius of the flow, and 

W,L = width and length of the fracture. 
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The cubic law was first determined to be valid above 20 pm by 

Iwai (1976). Uitherspoon et al. (1980) reanalyzed Iwai's data and 

concluded that 4 pm was the smallest aperture at which the cubic law 

is valid. 

Applying the cubic law to tube 4, a fracture aperture of 28 

pm with a hydraulic conductivity of 6.5 x lO-"* cm/sec is calculated. 

Applying the cubic law to outflow values of tubes 5 and 8 yields 

aperture hydraulic conductivities of 6.4 x 10~7 cm/sec and 5.4 x 10~7 

cm/sec, respectively, for apertures of 2.6 pm and 2.7 pm. However, 

experimental work has shown that the cubic law is not valid for these 

small apertures. 

7.3.4 Conclusion 

The primary objective of this test was to determine the 

effects a 1/4 inch diameter stainless steel pipe would have on the 

sealing performance characteristics of a cement plug. Two plug 

prototypes with 1/4 inch pipes through them were tested under constant 

head conditions for approximately four months. The results of the 

test obtained by outflow readings indicated that the pipes have a 

negligible effect on the sealing performance characteristics of the 

plugs. 

This test also focused attention on the sealing performance 

characteristics of cement plugs with larger diameter pipes through 

them. A trend of increasing hydraulic conductivity as the pipe 

diameter increases was observed. These results are based on a small 

sample population. To further investigate the size effects, more 
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tests should be conducted to enable a statistical comparison between 

size and sealing performance to be made. 

7. A Thermal Contraction Test 

Thermal contraction of the pipe inside the plug could cause 

the interface to open. A flow of cold air or water through the pipe 

could cause enough contraction of the pipe to pull it away from the 

plug. To investigate this possibility, tests were conducted on the 

constant head pressure test apparatus. 

7.A.1 Procedure 

The thermal contraction test was conducted by connecting the 

ends of the access tube in tube 1 to silicon tubing. The silicon 

tubing leads to a cold water bath and a circulation pump. The pump is 

turned on, circulating cold water through the pipe. Readings of 

temperature, outflow volumes and inflow volumes are made periodically 

during the test. 

7.A.2 Results 

The results of the thermal contraction test are plotted in 

Figure 7.10 as outflow vs. time. The test was conducted with cold 

water for approximately A days. The results of the test are the 

opposite of what was expected: as the pipe and plug cooled, water was 

taken into the tube, not expelled. Air in the bottom sand interval is 

suspected as the cause of the reverse flow. As the water cooled the 

tube and cement, the air bubble also cooled and contracted. The 

expansion and contraction of the bubble closely matches the 
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temperature increases and decreases, as plotted on the temperature vs. 

time graph superimposed on Figure 7.10. Figures 7.3 through 7.9 also 

testify to the presence of air in the collection system. The small 

jumps in the outflow curves of the tubes correlate strongly with each 

other. Fluctuations in atmospheric pressure cause the bubble to 

expand and contract, expelling or absorbing water. 

No detectable outflow occured during the first three days. As 

the water returned to room temperature, a quantity of water was 

expelled from the plug. The plug up to this time had not exhibited 

any outflow (Figure 7.4). Ice was again added to the bath. The 

bubble contracted again, but the amount was not as much as in previous 

coolings. The water temperature was allowed to return to room 

temperature. The bubble expanded and more water was expelled. The 

temperature of the water thereafter was kept constant to determine if 

the outflow would continue. No new outflow has been detected. 

7.4.3 Conclusions 

The objective of this test was to determine if thermal 

contraction of the pipe in the plug would open an interface large 

enough to cause flow. The test results indicated that the cold water 

that circulated through the tube had a very minor effect on the 

sealing performance characteristics of the plug. A net outflow was 

observed, but it was small and the flow rate did not continue. 

7.5 Piping Test 

Borehole plugging obtains much of its technology from oil well 
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cementing practices. With the technology, it also shares some of the 

problems. The most predominant cause of oil well cementing failure 

appears to be channeling of gelled mud in the annulus between the 

casing and borehole wall (Hoore, 1974, p. 430). The mud channels form 

in the cement when the cement is pumped down the drill stem and up 

through the annulus. Some of the mud is not displaced upwards by the 

cement. The channels then permit gases or fluids to leak into and 

through them once the cement hardens. 

Channeling of water in borehole and shaft plugs has been a 

major concern throughout this study. Early lab tests conducted prior 

to placement of plugs at McNary Dam in Washington first recognized 

this problem (Daemen et al., 1983). When cement was poured on top of 

a saturated granular material, the cement caused some of the pore 

water to flow up through the plug. The cement hardened with some of 

the channels remaining open. On a larger scale, a 5 m shaft plug in 

rock salt had channels or pipes form up to .6 m in diameter. Figure 

7.11 is an illustration of the failed shaft plug with the channels 

through it. 

The objective of this study is to isolate certain important 

parameters governing the piping phenomenon. Perhaps the most 

important factor is the head of water required to cause piping in 

cement. Another very important factor is the volume of water that 

flows through the pipe or channel formed in the cement paste. This 

investigation has as its objective the determination of the lowest 
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Figure 7.11 Piping (channeling) mapped along the interface between a 
concrete plug and the surrounding rock in the plugged 
rock salt section of the 5 m diameter Bernsdorf shaft. 
Numbers on the channels give channel width. Scale on the 
left shows depth below the surface, in meters (from Sitz, 
1981). 
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head of water at which piping will occur. The volumetric effects of 

piping will then be assessed at the lowest head. 

Other parameters or variables affecting piping are the 

viscosity, density and height of the cement column. Trying to 

accurately determine how each of these parameters affect piping would 

be a tremendous project in itself, so this investigation has only 

dealt with the height of cement column poured. The viscosity and 

density of cement were kept constant throughout. 

7.5.1 Procedure 

The test equipment is various lengths of 2 inch O.D. clear 

plastic tubing, PVC bases which glue onto one end of the tubing, 1/8 

inch O.D. clear nylon tubing, a valve and a 1 inch O.D. tube. A 

drawing of this test apparatus is in Figure 7.12. 

The test procedure is to mix a batch of cement, Dowell System 

1, and pour the cement into the 2 inch diameter tube. The valve 

between the reservoir and the cement sample is opened. The water 

level in the reservoir at the start of the test is level with the top 

of the cement. The water level is slowly raised until channels or 

pipes of water occur in the cement. The valve is closed and the 

height of the water in the reservoir is measured and recorded. The 

following day, a falling head test is performed on the cement sample. 

The test is continued until it is decided that a) the permeability has 

remained constant, b) the permeability is very low, or c) the 

permeability lowers and reaches a constant. 
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Figure 7.12 Piping test apparatus. 
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7.5.2 Results 

The objective of determining the lowest head required to 

induce piping was not obtained in this test due to procedural 

problems. Some of the problems were technical, which were solved 

through the course of the experiment. The main problem, however, was 

a conceptual one which was not solved through the course of the 

experiment. 

One of the early problems with this test was that when the 

valve was opened between the cement sample and the water reservoir, 

the cement would flow down into the injection pipe. The presence of 

cement in the pipe increased the head of water required to cause 

piping. This problem was alleviated by placing a piece of nylon 

stocking over the end of the fitting on the base of the cement sample 

holder. After the nylon was placed over the fitting, further 

invasions of cement into the pipe stopped. 

The main problem with this test procedure was that it did not 

account for the time dependency of piping. The head of water was 

increased until piping occurred. Piping was noticed at lower heads 

when the water level in the reservoir was raised at a slower rate. 

The time effects of piping were not fully realized during the testing 

phase of this study, which accounts for the erratic data collected. 

Thus, the lowest head at which piping occurs was never determined. A 

hypothetical graph which relates the time required to cause piping as 

a function of head applied is shown in Figure 7.13. It is believed 
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Figure 7.13 Hypothetical graph relating the time required for piping to occur at a given head. 
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that the results obtained in this investigation lie somewhere to the 

left of the time required to cause piping at the lowest head. 

7.5.3 Recommendations 

Minor changes in the test procedure might determine the lowest 

head required to cause piping. Rather than raising the head of water 

until piping occurs, the test should be conducted by applying a 

specific head to the cement sample and recording the time required to 

cause piping, if it occurs at all. Once the lowest head required for 

piping is determined, then different volumes of water could be piped 

through samples at this head. The volume of water piped should be 

decreased until the permeability of the piped sample approaches that 

of unpiped cement. Other heads should be used and the procedure 

repeated. 

Other tests could be conducted in the same manner as described 

above, but with sand or gravel on the bottom of the cement holder. 

The initial piping test forces a single jet of water through the 

cement. Sand or gravel on the bottom of the sample might distribute 

the pressure along the bottom of the sample, thereby increasing the 

pressure and/or volume of water required to leave permanent channels. 

This might also be a more realistic model of the piping phenomenon. 



CHAPTKK EIGHT 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER RESEARCH 

8.1 Summary 

This project encompassed the selection, development and 

testing of a field site. The purpose of this study was to assess the 

sealing performance characteristics of borehole plugs placed by bailer 

in a granitic rock mass. Three sites were available for study, of 

which Cargodera Canyon was selected. The site was upgraded to 

facilitate field testing that demanded a high degree of accuracy. 

Equipment was designed and built to perform in a field environment 

within the established requirements. Cement plugs were placed by 

bailer in two of the four large diameter boreholes. The plugs were 

then tested for up to five months under a constant head of water. 

Tests were conducted concurrently in the laboratory to isolate and 

assess certain important variables existing in the field. 

The plug design at Cargodera Canyon has never been used before 

in other borehole plugging studies. The design enabled two plugs to 

be tested simultaneously. This was accomplished by straddling an 

injection zone on top and bottom with plugs. Located on each end of 

the plug system are collection intervals. The injection and 

collection intervals are saturated sand layers that are connected to 

the surface with stainless steel tubes through the plugs. 

117 
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Tests were conducted in the lab to determine the effect a tube 

penetrating a cement plug would have on the sealing characteristics of 

the plug. Other lab tests were conducted to determine when and how 

water channelling adversely affects the sealing performance of a 

cement plug. 

The plug design enabled three methods of assessing the plug's 

hydraulic conductivity to be used. The methods are constant head, 

pressure slug and tracer tests. The constant head tests have been the 

easiest method to use and the results the most reliable. The 

hydraulic conductivity of the plug/rock system has been determined, by 

constant head testing, to be in the order of 10 to 10 ̂  

cm/sec. Pressure slug tests have been conducted on the collection and 

injection intervals, but the results were not used because of air 

trapped in the intervals. Tracer tests can be performed in only two 

of the collection zones. Since one port on two of the water 

circulating tubes has been clogged, no meaningful tracer tests can be 

performed on their respective plugs. Tracer tests could be run on the 

other two plugs, but were never performed because, to date, there has 

been no flow through the plugs. 

8.2 Conclusions 

Three bailer placed plugs were tested at Cargodera Canyon in 

two boreholes. The low hydraulic conductivity of the plugs as 

evidenced by constant head tests has shown that the sealing 

requirement can be met by bailer placement procedures in a dry, 

vertical hole in granite. Other factors that exist outside this study 
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may negate the previous statement. These factors, such as conditions 

of the rock mass, inclination of the borehole, ease in which a bailer 

will work, etc., must be investigated on a case-by-case basis. 

The material used in borehole plugging must be compatible with 

the conditions present at the site, such as humidity, temperature and 

ground water chemistry. The material used at Cargodera Canyon was 

Dowell System 1 cement. This does not imply that System 1 cement will 

work for any borehole in granite. For future attempts at borehole 

plugging it is recommended that serious consideration and investiga

tion be given to the sealant material. An effective sealing program 

will utilize as much specific information about each borehole, if 

possible, and from that information determine the best sealant 

material, or combination of sealant materials, that would provide the 

most effective seal. 

The methods used for assessing the sealing performance 

characteristics of the cement plugs at Cargodera Canyon produced 

adequate results. The constant head test was the most reliable and 

simple to perform. However, several months of testing are required to 

obtain an accurate assessment of the plug's hydraulic conductivity. 

Tracer tests would have been beneficial had steady-state flow been 

observed. Pressure slug testing is also very desirable because a test 

can be run in just a few days. The pressure slug test data for these 

plugs was not used, however, because of trapped air in the intervals. 

The presence of 1/4 inch stainless steel pipes through 

laboratory plugs did not adversely affect their sealing performance 
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characteristics. No outflow was detected from these plugs during the 

four months of testing. The thermal contraction test did not open a 

gap between the pipe and the plug through which water could flow. The 

results of these tests could be applied to the field testing at 

Cargodera Canyon with the conclusion that the pipes through the plugs 

there did not adversely affect the plugs. 

8.3 Recommendations for Further Research 

The results of the tests performed on bailer placed plugs in 

granite indicate that the plugs perform as well as the rock in 

preventing fluid flow. If the current design is to be used for other 

borehole plug assessments, some changes in the system design are 

recommended. The changes in the design will not affect the actual 

performance of the plug, but will improve the techniques for assessing 

their performance. Improvements include increasing the length of the 

injection interval and saturating the sand prior to placing the plugs. 

To facilitate the use of pressure decay tests for assessing 

the performance characteristics of borehole plugs, the interval length 

tested during the initial packer testing and that tested when plugs 

are installed should be the same. Therefore, a shorter packer 

interval and a longer plug injection interval should be used. A 

direct comparison between the pre-plug and post-plug decay tests could 

be made. The difference between the two tests should be a function of 

plug performance. A small change can be expected in the two curves 

due to the presence of sand in the injection interval. The sand will 
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decrease the volume of water in the interval; the decay of the 

pressure slug is a function of the volume and compressibility of water. 

The problem with the slug tests performed on the plugs is the 

presence of air in the intervals. The procedure for de-airing and 

saturating the intervals was not effective. To avoid further problems 

with air in the intervals it is suggested that the plugs be poured on 

saturated sand. Piping or channelling of water will occur, but the 

effects may be minor. 

The information obtained regarding the performance of bailer 

placed plugs in an unsaturated granite is only a small representation 

of the many possibilities that exist. The boreholes at Cargodera 

Canyon are a relatively benign environment for plugs. This may in 

fact be the actual environment for a granite repository. However, 

there may be areas within a repository that are not so favorable to 

borehole plugs. The following is a list of recommendations for other 

borehole tests. 

1) Perform the tests in a saturated granite. The presence of 

water when plugging with cement has shown to be deliterious to the 

plug's performance. 

2) Test longer plugs. A seven inch plug may not be the most 

representative of actual borehole plugs. 

3) Test boreholes that have access to both ends. A borehole 

plug that is accessible from the top and bottom can be tested with 

greater ease. 
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4) Test boreholes penetrating an aquifer. Placing plugs in 

this type of environment presents a great challenge to successful 

borehole plugging attempts. 

5) Test different permeants on the plugs. The permeant used 

in this study was distilled water. Water of different pH's and 

chemical contents simulating ground water conditions likely to exist 

at a repository site would yield interesting and important results. 

6) Install the plugs in dry boreholes. Leave the plugs for a 

given length of time and then test them. One of the most important 

aspects involving borehole plugging with cement is drying shrinkage. 

Plugs left dry for long periods of time may shrink and pull away from 

the borehole wall. 

7) Test plugs in horizontal or near-horizontal boreholes. The 

plug emplacement procedures required would be different than those for 

vertical boreholes. 

8) Plug a borehole that is in the vicinity of an advancing 

tunnel or drift. Test the borehole plug prior to, during, and after 

excavation of the drift. Changes in hydraulic conductivity values 

will be a reflection of the plug's mechanical properties as the stress 

environment changes. 

9) As a general recommendation regarding borehole plugging, a 

borehole, perhaps, should not be sealed in a single lift. Several 

lifts may prove to be a better barrier. If conditions exist in the 

borehole that give a high probability of plug failure in the short 

term, several separate plugs would decrease the probability of 

complete failure of the borehole seal. 
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