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ABSTRACT 

This thesis describes in-situ flow tests on bentonite borehole 

plugs installed in granite, as well as laboratory experiments on similar 

plugs. Prior to sealing, the hydraulic conductivity of the boreholes is 

tested. These measurements, together with core logs and borehole 

videologs, permit the selection of suitable seal test intervals. 

Standard waterwell sealing bentonite products and emplacement procedures 

are used for borehole sealing. Transient (short-term) and steady-state 

(long-term) testing determines the sealing performance of the plugs 

(although the premature termination of the "steady state" testing 

precluded full data collection). 

Laboratory and field experiments confirm the great difficulty of 

obtaining accurate performance values for bentonite plugs as installed, 

due to the simultaneous saturation, swelling, and consolidation effects. 

Conventional installation of readily available seals can provide 

adequate borehole seals. Bentonite plugs of this type are heterogeneous 

and weak. Improved testing procedures and analyses are needed if actual 

conductivity values are to be obtained in a reasonable testing time. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Objective 

The fundamental objective of this research project is to conduct 

an experimental evaluation of borehole plug performance. This work is 

aimed at determining the feasibility of sealing boreholes intersecting a 

repository rock mass to a level where It can reasonably be assured that 

the plugged boreholes will not become preferential radionuclide migra

tion paths. This project studies experimentally the likelihood of 

preventing such migrations by sufficiently reducing the hydraulic 

conductivity of the plugged borehole (including the plug-rock Inter

face) . 

The study is conducted to establish a factual data basis on 

borehole sealing performance. Although some types of borehole sealing 

have been performed for many years, relatively little testing and 

sealing performance verification has been reported on. 

Concern about boreholes and their potential influence on the 

isolation performance of the rock mass surrounding repositories has been 

expressed in a number of basic reviews on underground HLW (High level 

radioactive waste) disposal (e.g. Atomic Energy of Canada Limited, 1978, 

p. 72; Bredehoeft et al., 1978, p. 8; Committee on Radioactive Waste 

Management, 1978, pp. 5,10; Heineman et al., 1978, p. 4; U.S. Department 

of Energy, 1979, p. 3.1.328; Arnett et al., 1980, p. 139; Barbreau et 

al., 1980, p. 528; Burkholder, 1980, p. 15; Irish, 1980, p. 42; OECD, 
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1980, Foreword; Pedersen arid Lindstrom-Jensen, 1980, p. 195; U.S. 

Department of Energy, 1982, p. 29; Deju, 1983, p. 4; Kocher et al., 

1983, p. 54; National Research Council, 1983, p. 8-9, 21, 63; U.S. 

Department of Energy, 1983, p. 25). 

It deserves pointing out that the need for borehole plugging, and 

particularly for very high performance (e.g. very low hydraulic conduc

tivity), is not universally accepted, nor obvious, and certainly might 

be a somewhat site dependent requirement, as shown by consequence 

assessments (e.g. Pedersen and Lindstrom-Jensen, 1980, p. 195; Klings-

berg and Duguid, 1980, p. 43; Intera Environmental Consultants, Inc., 

1981). These authors do recognize that borehole seals will provide "... 

an important redundant barrier ..." or "... will satisfy the concept of 

multiple barriers A panel of experts convened by the Commission 

of the European Communities and the OECD Nuclear Energy Agency simulta

neously considers backfilling and sealing (OECD, 1984, Section III.4) 

and, after stressing the host rock specificity of backfill and sealing 

functions, states that "they (i.e. seals) would be designed so as not to 

present any preferential flow paths ... there is confidence that they 

(i.e. the functional requirements) can be met by a number of different 

materials." That the controversy about sealing requirements is far from 

resolved is particularly well illustrated by the recently published 

disagreements among the ONWI Exploratory Shaft Peer Review Group (Kalia, 

1986, p. 14). Site-specific analyses are most likely to provide 

information needed to finalize specific performance requirements (e.g. 

Stormont, 1984; Fernandez and Freshley, 1984; Seitz et al., 1987). 
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General guidelines for the separation of radioactive waste from 

the physical environment, and in particular for the acceptable radionu

clide releases following repository closure, have been finalized by EPA 

(U.S. Environmental Protection Agency, 1986; 40 CRF 191). Detailed 

implementation of the requirements is governed by 10 CFR 60 (U.S. 

Nuclear Regulatory Commission, 1983, 1985). 

1.2 Scope and Limitations 

Experimental investigations have been conducted on the sealing 

performance of bentonite and of cementitious borehole plugs in granite. 

Steady state constant pressure and transient (pulse) injection tests 

have been used to determine the hydraulic characteristics of in-situ 

plugs. Related back-up laboratory testing included construction 

(installation) of prototype plugs simulating field installation and test 

procedures, detailed characterization of plug materials, and a variety 

of experimental plug flow investigations. 

Readying the Cargodera Canyon field site for in-situ testing has 

been a major part of the effort described here. This includes design, 

acquisition, installation and operation of the field instrumentation, as 

well as necessary preliminary site and borehole characterization. The 

latter included, in particular, hydrological testing of the holes. 

Cement plugs have been installed in two short vertical boreholes, 

two bentonite plugs in one hole. The hydraulic conductivity of the 

plugs has been tested by steady state (constant pressure) and by 

transient (pulse) injection tests. 

Hydraulic conductivity of bentonite plugs has been studied in the 

laboratory with particular emphasis on the influence of consolidation, 
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swelling, and saturation, on the flow results. A transient approach to 

bentonite flow testing has been initiated. Standard soil mechanics 

characterization tests have been performed on bentonite in a state as 

installed in the field. 

Field test installation procedures required the installation of 

piping penetrating the plugs. The influence of such penetrations 

through cement and through bentonite plugs has been tested in the 

laboratory. 

The main limitation on the experimental field work is the short 

duration for which the experiments have been run, resulting in a rather 

limited data basis, compromised by uncertainties regarding transient 

effects. 

1.3 Organization 

This introductory chapter briefly summarizes the regulatory 

context of rock mass sealing requirements, quotes commentaries and 

viewpoints on rock mass sealing from the literature on HLW disposal, and 

outlines the organization of this report. 

Site characterization and geological environment of the Cargodera 

Canyon field site are described in Chapter 2, as well as preparation of 

the site for testing. Characterization of the boreholes used for field 

plug testing is described in Chapter 3. This includes borehole photo-

logging and hydraulic testing. 

Plug installation and plug testing in the boreholes at the site 

are described in Chapter 4. Chapter 5 includes a description of the 

laboratory investigations on bentonite borehole plugs. Results are 

presented in Chapter 6. Chapter 7 summarizes the work. 
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CHAPTER TWO 

SITE CHARACTERIZATION AND PREPARATION 

2.1 Introduction 

Site characterization at Cargodera Canyon has as objective to 

determine the suitability of this site for in-situ performance testing 

of borehole seals. The criteria for this assessment are a function of 

the overall objective of the field testing program: to determine the 

in-hole performance of borehole plugs in granite. The site must provide 

rock with appropriate lithology. Boreholes must be deep enough for 

testing and must include intervals of relatively competent rock. The 

regional setting must provide year-round access and must permit research 

installations. 

2.2 Access 

The Cargodera Canyon study site is approximately AO km (25 mi) 

north of the University of Arizona, Tucson, Arizona (Figure 2.1). It is 

at an elevation of approximately 1122 m (3680 ft) in the SE 1/4 Section 

25 (unsurveyed), T 11 S, R 14 E (Gila and Salt River Meridian), within 

the Santa Catalina Ranger District of the Coronado National Forest, Pima 

County, Arizona. The Cargodera Canyon area access road runs east from 

U.S. Highway 89 immediately south of the town of Catalina, at the Golder 

Ranch road turnoff. The road Is paved to the Canada del Oro Wash. For 

8 to 10 km (5 to 6 mi) the road is graded dirt. After Sutherland Wash, 

the Forest Service rock-surfaced route 643 is accessible only by four 
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Figure 2.1 Location of the Cargodera Canyon field test site 
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wheel drive vehicles. The site is approximately 1.25 km (3/4 mi) beyond 

the gate marking the boundary of the National Forest. 

The access road is adjacent to the site, which is advantageous for 

transporting equipment, but is detrimental in that the site is exposed 

to all who travel the road. A small ephemeral stream parallels the road 

to the southeast and proved useful as a water supply for construction. 

Over the duration of this study the stream contained water from the 

middle of August until the end of May or early June. 

A line supplying power to Summerhaven, a small community at the 

top of the Catalinas, is approximately 100 m (300 ft) from the site. 

The line is maintained by Trico Electric Company and was used to supply 

electric power to the site. 

The temperature range at the site is similar to that in Tucson. 

Highs in the summer reach 43°F (110°F). In the winter the lows fall 

below freezing for short periods of time. This is an important factor 

to consider due to the use of precision electronic measuring devices and 

computer equipment. 

2.3 Regional Geologic Setting 

The Santa Catalina Mountains reach elevations of 3,000 m and are 

among the highest in the Basin and Range province of the state of 

Arizona. The physiography of the region is distinctively broad, bulbous 

and domical. It is characterized by long, flat-topped topographic 

profiles and elongate northeast-, north-, or northwest-trending plan 

outlines. The region features visible high angle faulting that serious

ly disrupts the arch morphology. 
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The study site is within the Basin and Range physiographic 

province. Exposures iti the province consist of Precambrian granitic and 

metamorphic basement, upper Precambrian to Paleozoic stratified rocks, 

and a variety of Mesozoic-Cenezoic sedimentary, volcanic, plutonic and 

metamorphic rocks (Rehrig and Reynolds, 1980). 

The region was tectonically active intermittently between 1.8 and 

1.4 billion years before present (b.y.B.P.). It became more stable 

during later Precambrian time. It was entirely within the continental 

cratonic environment of thin Paleozoic sedimentation during the Paleozo

ic. During the Mesozoic, southern Arizona was the site of magmatism, 

metaraorphism, tectonic unrest and accumulation of locally thick sections 

of stratified rock. A Triassic-Jurassic volcanic arc trended northwest 

through the region. During the early Cretaceous, the region was the 

site of clastic and carbonate deposition. In addition, thick sections 

of impure arkose are widespread and indicate unstable tectonic condi

tions. Laramide time (80 to 50 m.y.B.P.) was characterized by compres-

sional deformation, plutonism and volcanism. During the Eocene, 

widespread erosion and sparse continental sedimentation may have 

occurred over most of the region. During Oligocene and Miocene time, 

the region was dominated by tectonism, plutonism, metamorphism, silicic 

volcanism and continental sedimentation (Banks, 1980; Rehrig and 

Reynolds, 1980). 

The test site is in an area of intense geologic interest, the 

Rincon-Santa Catalina-Tortolita complex (Figure 2.2). This complex has 

been affected by a number of superposed deformations, including high 

temperature extensional deformation, which was regional in extent, and 
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ductile to brittle tectonic denudation. The result of these processes 

is presently considered a metamorphic core complex (Davis, 1980). 

The metamorphic core complex including the Catalina-Rincon complex 

is of early to middle Tertiary age. The core complex fabrics and 

related decollements are superimposed on plutons as young as 50 m.y. 

The complex features a complicated history of plutonism, deformation and 

metajnorphism which continues to be a focus of study (Keith et al., 

1980) . 

2.4 Local Geologic Setting 

Gargodera Canyon is on the northwest flank of the Santa Catalina 

Mountains. Figure 2.3 locates the three major plutonic intrusions that 

outcrop in the vicinity of the study area. 

The Wilderness granite is one of five members of the Wilderness 

suite, all asymmetric, laccolithic granitic intrusions. The Wilderness 

granite is a batholith-sized laccolith trending west-northwest in the 

main range of the Santa Catalina Mountains. Average modes for the 

Wilderness granite are (Keith et al., 1980): 

Quartz - 28 

Plagioclase - 29 

K-feldspar - 27 

Biotite - 4 

Muscovite - 7 

Magnetite - 1 

Garnet - 1-2. 

The Wilderness granite that outcrops in Cargodera Canyon is 

described as the Lemmon Rock leucogranite phase of the Wilderness 
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granite. Rb-Sr isotope data indicate the rock is approximately 47 m.y. 

in age. K-Ar data seems to confirm this dating with analyses of coarse 

muscovite suggesting an age of 47.9 m.y. Field relationships require 

that the Wilderness suite granites postdate Late Cretaceous and early 

Tertiary plutons but predate the middle Tertiary plutons that also 

outcrop in the Cargodera Canyon region (Keith et al., 1980). 

Catalina quartz monzonite is one of four Middle Tertiary plutons 

that make up the Catalina Suite. The Catalina Quartz monzonite forms a 

large, half-circle-shaped pluton in the northwestern Santa Catalina 

Mountains. The Catalina quartz monzonite is mineralogically distinct 

from the Wilderness granite. Field identification is facilitated by 

visible hornblende and sphene in all samples. Established modes for the 

Catalina quartz monzonite are as follows: 

Quartz - 26.8 

K-feldspar - 34.3 

Plagioclase - 26.7 

Biotite - 7.5 

Hornblende - 0.8 

Opaque grains - 1.3 

Sphene - 0.6 

Apatite - 0.4. 

Isotopic analyses suggest a reference age of approximately 26 m.y. 

for the Catalina quartz monzonite. Field relationships confirm that the 

pluton is younger than the Eocene Wilderness suite (Keith et al., 1980). 

Cargodera Canyon is the site of intrusive contact of the Catalina 

quartz monzonite into the Lemmon Rock leucogranite phase of the Wilder
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ness granite (Figure 2.4). Much of the contact is occupied by a steeply 

inclined migmatite zone that contains an interleaved assemblage of 

metasedimentary rocks. These include quartzites, calc-silicate skarns 

and siliceous gneiss. Also present are foliated Lemmon Rock leucogran-

ite and Catalina quartz monzonite. The migmatite has been interpreted 

as a screen of metamorphosed and highly injected, pre-Catalina intrusive 

and metasedimentary rocks. Both plutons contain metasedimentary 

inclusions (Keith et al., 1980). 

The youngest pluton in the Cargodera Canyon area is the Tortolita 

quartz monzonite. The Tortolita quartz monzonite is included in the 

Catalina suite. In Cargodera Canyon, two large north-northwest-striking 

dikes of Tortolita quartz monzonite crosscut both the Catalina quartz 

monzonite and the Wilderness granite. These dikes have been correlated 

with the main Tortolita pluton in the southern Tortolita Mountains which 

occupies the entire southern third of the mountain range. Tortolita 

quartz monzonite can be distinguished from Catalina quartz monzonite in 

the field by its finer grain size and nonporphyritic, hypidiomorphic--

granular texture. Modal analysis is as follows (Keith et al., 1980): 

Quartz - 39.2 

K-feldspar - 31,2 

Plagioclase - 26.4 

Biotite - 3.2 

Opaque grains - trace 

Wherever Tortolita quartz monzonite and Catalina quartz monzonite 

are in contact, the Tortolita quartz monzonite clearly cuts the Catalina 

quartz monzonite. So, even though both plutons are best dated with 
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reference to the 26 m.y. isochron previously discussed, field relation

ships indicate the Tortolita quartz monzonite is younger (Banks, 1980; 

Keith et al., 1980). 

Some confusion in earlier discussions of the Gargodera Canyon site 

demonstrates the complex and interrelated nature of the various granitic 

suites present at the site and the significance of their contacts. 

Recent research has confirmed that the Tortolita quartz monzonite dike 

discussed above is, in fact, the rock unit where the boreholes to be 

studied were drilled.1 Lack of agreement on dating the other units 

present allows for the possibility that those units experienced some 

form of raetamorphic alteration. The Tortolita quartz monzonite, 

however, postdates those possible metamorphic events. Its unfoliated, 

undeformed non-metamorphic character recommends it as the object of 

study designed to identify engineering aspects of crystalline rocks as a 

whole. 

2.5 Whole Rock Analysis 

A whole rock analysis of a sample of Tortolita quartz monzonite 

from the Cargodera Canyon study area was peformed by Copper State 

Analytical Lab, Inc., of Tucson, Arizona. The test was performed on a 

piece of core from borehole CCR/C-1 of the lower drill site (Section 

2.6). Table 2.1 presents the results. 

Quartz monzonite is a granitic rock containing major plagioclase, 

orthoclase and quartz, with minor biotite, hornblende, apatite and 

zircon. Quartz comprises 10 to 50 percent of the felsic constituents. 

1 Stephen J, Reynolds, Arizona Bureau of Geology and Mineral Technology, 
Geological Survey Branch, Tucson, AZ. Personal communication, 1985. 



Table 2,1 Whole Rock Analysis of Tortollita Quartz Monzonite from 
Lower Drilling Site, CCR/C-1 

Percent of Total 

s102 7 1 . 4  

al2°3 8 . 9  

CaO 0 . 6 8  

MgO 1 . 2 2  

k2o 4 . 3  

na20 5 . 6  

fe2°3 4 . 2 9  

Ti02 0 . 4 8  

p2°5 0 . 2 9  

MnO 0 . 2 8  

LiO 1 . 9 6  
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The alkali feldspar to total feldspar ratio should range from 35 to 65 

percent. It differs from granite primarily in its low feldspar to total 

feldspar ratio of 65 to 90 percent (American Geological Institute, 1974, 

p. 582). The results in Table 2.1 indicate a higher percentage of Na 

than K, which suggests that the alkali feldspar to total feldspar ratio 

of the study area rock is chemically more a quartz monzonite than a 

granite. The composition of quartz monzonite falls between alkali 

granites and quartz diorites. A comparison of Table 2.1 with average 

compositions of calc alkalic granite, alkali granite and quartz diorite 

(e.g. Ehlers and Blatt, 1980, Table 4.1, p. 103) with respect to FeO, 

MgO, CaO, ̂ £0 and ̂ 0 suggests that the Tortolita quartz monzonite 

resembles the quartz diorite in composition for Na and Fe values and the 

alkali granites with respect to high Si and K values. 

2.6 Drilling History 

Drilling at the Cargodera Canyon site was done by American Mining 

and Drilling Co.,a company based in Tucson, Arizona. A Joy 12B/Gardner 

Denver 83 rig was used for drilling. Fifteen holes with an aggregate 

drilled footage of 97 m (317 ft) were completed between September and 

November 1981. Available drill-hole footage includes 51 m (168 ft) of 

6.275 cm (2 1/2 inch) diameter holes and 20 m (67 ft) of 16.3 cm (6 1/2 

inch) diameter holes. Open footage in the large diameter holes is less 

than drilled because core barrels and contained core were lost and not 

retrieved from two holes. 

Five percussion holes with diameters of 6.275 cm (2 1/2 inches) 

were drilled, each to a depth of 4.6 m (15 ft). These holes are 

designated CCR/P-1 through 5 and are located on the lower (eastern) 
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portion of the site (Figure 2.5). Five 6.275 cm (2 1/2 inch) diameter 

diamond core holes, designated CCR/D-1 through 5, were drilled to depths 

varying from 4.6 to 6.7 m (15 to 22 ft) on the lower site. One 6.275 cm 

(2 1/2 inch) diamond core hole, CCR/D-6, was drilled to a depth of 13 m 

(42.5 ft) on the upper (western) site (Figure 2.6). Four 16.3 cm (6 1/2 

inch) diameter holes, designated CCR/C-1 through 4, were drilled by 

overcoring 3.765 cm (1 1/2 inch) diameter diamond holes with a 16.3 cm 

(6 1/2 inch) diamond bit. CCR/C-1 through 3 are located on the lower 

site, CCR/C-4 on the upper site. CCR/C-4 was drilled to 8 m (26 ft), 

but core barrel loss reduced the available depth to 6.4 m (21 ft). 

CCR/C-3 also had its effective depth reduced to 3 m (9.5 ft) by the loss 

of core barrel. CCR/C-1 was drilled to a depth of 4.3 m (14 ft), 

CCR/C-2 to approximately 6 m (19.5 ft). All core holes were drilled 

with water only. Mud was not used because it might affect hole wall 

permeability. Dry drilling was attempted for about a meter in several 

holes, but was not successful. The driller cleaned and capped all 

holes. 

2.7 Site and Hole Geology 

A preliminary evaluation of the geology of the Cargodera Canyon 

study area was made by members of the research group, principally Nora 

Colburn, consulting geologist, from November 1981 through May of 1982 

(Daemen et al., 1982). This evaluation had as objectives determining 

the lithological and structural features that characterized the site as 

well as finding intervals in the diamond holes competent enough to 

recommend plug testing. 
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Some confusion existed at the time with respect to the actual rock 

unit represented by the lower site. Rock descriptions were made using 

representative core. Both sites are composed of a distinctly biotitic 

granitic rock. At the lower site, the rock is fine to medium grained. 

The upper site rock is coarser grained, almost porphyritic, with K-

feldspar and sphene phenocrysts. Both sites show one or two cross 

foliation sets, with visible alignment of biotite flakes, feldspar lath 

and quartz-plagioclase zones. The upper site rock features numerous 

oriented inclusions, including rock fragments and septa, clots and pods 

and schlieren zones. A few biotite-enriched schlieren zones were found 

in the lower site rock. 

Several aplite dikes crosscut the study area, some apparently 

extending for miles. The widths of these dikes vary from a few to about 

thirty centimeters. The dikes, in turn, are crosscut by conjugal joint 

sets. 

The lower site features what may be a through-going, erosionally 

widened gap which varies in width from 10 to 30 cm. This gap was logged 

in all the diamond holes in the lower site except CCR/C-2 and CCR/D-5. 

It occurs at approximately the same elevation in the holes where it was 

noted. Figure 2.7 suggests how some of the larger fracture systems, 

including the predominating gap, may be interconnected and linking the 

logged holes of the lower site. Several surface indications may express 

the same large gap in the lower site outcrop. A large opening at the 

northern tip of the outcrop has allowed partial collapse of part of the 

unsupported overhang which, in turn, has opened fractures on the surface 

of the outcrop. This large "fracture" feature led original investiga-
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Figure 2.7 Cargodera Canyon lower drill site fracture system. 
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tors to suggest that the portion of the drilled outcrop above the 

fracture may have moved some small distance. A minimal offset of 

several centimeters was noted in the extended trends of two aplite dikes 

that crosscut the drill site. 

A preliminary estimate of intervals suitable for testing was based 

on core logging and site investigation. The results of this evaluation 

are included in Table 2.2. 
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Table 2.2 Preliminary Estimate of Unfractured or Slightly Fractured 
Intervals Longer than One Foot for the Gargodera Canyon Study 
Area Lower Drilled Site (After Daemen et al., 1982, p. 116) 

Total Interval 
Hole Diameter Depth Interval Length 
No. fin) fff> fft) fft^ Remarks 

CI 6.5 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. 
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CHAPTER THREE 

BOREHOLE CHARACTERIZATION TESTING 

3.1 Introduction 

Borehole characterization testing has as objectives determining 

the geologic and hydrogeologic characteristics of the boreholes selected 

for sealing experiments. The geologic characteristic most critical for 

the selection of suitable test intervals is the presence, extent and 

density of fracturing. Once suitable intervals in selected boreholes 

have been chosen, the in-situ hydraulic conductivities of the intervals 

are determined. The hydraulic conductivity of an unsealed interval and 

its conductivity when sealed provides a criterion for estimating the 

effectiveness of the seal. In addition, hydraulic testing can reveal 

fractures in the interval that otherwise go undetected. 

The three 16.3 cm (6 1/2 inch) diameter diamond holes, CCR/C-1 

through 3, drilled at the lower site at Cargodera Canyon, were field 

tested to determine suitable intervals for sealing. These three holes 

offer diameters large enough to require larger scale emplacement and 

testing methods than previously used in laboratory sealing studies at 

the University of Arizona. The three holes are close enough together to 

make containing them and the instrumentation necessary for testing easy. 

In addition, one 6.3 cm (2 1/2 inch) diameter diamond hole, CCR/D-4, 

was selected for long-term field testing. 

Intervals of low hydraulic conductivity in the borehole need to be 

identified prior to placing borehole plugs. The optimum performance 
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characteristics of a borehole plug can be assessed by placing and 

testing it in such a region. The objective of the borehole characteri

zation testing 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. 

Core logs provided initial target intervals subsequently investi

gated by photo and video logging. The objective was to identify 

fracture-free intervals approximately 75 cm (30 inches) long. The 

intervals selected became the initial target zones for packer testing. 

3.2 Borehole Preparation 

A preliminary reconnaissance of the site, prior to testing, 

revealed that a number of the holes, including three of the four 16.315 

cm (6.5 inch) holes, had been uncapped since drilling was completed. 

Some had been filled to within a foot or two (30 to 60 cm) from the 

surface. CCR/C-1 was filled to 60 cm (two feet) from the surface with 

what appeared to be large and small rocks. CCR/C-2 was clogged with 

rocks, twigs and debris 90 cm (three feet) from the surface. The filled 

holes evidence human intrusion at the site and underscore the necessity 

for containing and securing instrumentation and equipment. 

Figure 3.1 is a schematic of the "cactus grabber" used to clean 

boreholes CCR/C-1 and 2. The device consists of a long pole with two 

hand cultivators attached to one end. Springs attached to the cultiva

tors hold the jaws closed. 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 
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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. The 

mechanical grabber was successfully used to clear hole CCR/C-1. CCR/C-2 

contained a large quantity of dirt and sand. An industrial vacuum 

cleaner with a long 7.5 cm (3 inch) diameter extension hose was used to 

complete cleaning of CCR/C-2. Both holes were washed down with water 

prior to photologging. 

3.3 Photologging 

3.3,1 Photologging Equipment 

Boreholes CCR/C-1 and CCR/C-3 were investigated using a downhole 

camera assembly designed and constructed to meet the requirements of the 

site. Figure 3.2 is a schematic of the device. A 35 mm camera is 

mounted on a pole. . The camera shield stabilizer, a 15 cm (6 inch) 

diameter section of PVC tubing, protects the camera and keeps it 

centered in the borehole. The trigger assembly allows the camera to be 

operated by a cable reaching to the surface. Light is provided by three 

small flashlights with adjustable beam focus mounted approximately 120 

degrees apart inside the stabilizer. The focus target is circular, 

painted red and white for visibility, and marked with a prominent North 

symbol for compass orientation. The focus target is mounted on an 

extendable target mount consisting of two rods fixed to the camera 

stabilizer. The level centering platform with four adjustable legs 

provides a stable, secure and level guide for the camera mount as the 

camera is raised and lowered. 
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Two cameras were used for borehole photologging. A Canon AF 35 ML 

was selected for features including small size, rugged construction, 

auto/film advance, power rewind and built-in auto flash. These features 

facilitated downhole operations by simplifying the remote use of the 

camera and allowing an entire roll of film to be shot before the camera 

assembly had to be returned to the surface. Unfortunately, the focus on 

the Canon does not allow the precise adjustments required for borehole 

photography. Also, the 40 mm f/1.9 lens can not easily be exchanged and 

does not provide a field of view wide enough for boreholes of 16.3 cm (6 

1/2 inch) diameter. 

An Olympus 0M-1 is used instead. Its advantages include a 

wide-angle lens and refined manual focusing features. However, this 

Olympus does not have an automatic film advance. The entire camera 

assembly has to be raised each time a picture is taken. 

3.3.2 Photologging Procedures 

Several rolls of film were shot downhole to determine the correct 

target distance, lens focus and shutter speed. The best results are 

achieved with a 400 film speed, a 54 cm (1.75 ft) focal distance, and 

the shutter speed set at ,25 seconds. Aperture setting was not record

ed. Several different films were used. 36 exposure, black and white 

Ilford XPl 400 was found to be the most suitable. The focus target is 

set at 21 inches from the camera lens. 

The camera is lowered to the desired position within the borehole, 

determined by marks on the camera pole. A cable is pulled to trigger 

the shutter. The camera is brought to the surface and advanced to the 

next frame. Each borehole is photologged at intervals of 7.5 cm (3 
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inches). Results indicate that this interval provides the detail 

necessary for estimating fracture location, orientation, density and 

apertures. 

3.3.3 Photologging Results 

CCR/C-3 and CCR/C-1 were photologged at least twice. Several 

intervals considered for sealing were photologged separately. Study of 

the photolog for CCR/C-3 indicates that a major fracture which had been 

mapped as dipping from approximately 1.72 m (4 ft 9 in) to 1.87 m (5 ft 

2 in) from the surface actually begins at 1,89 in (5 ft 3 in) and dips to 

2.01 m (5 ft 7 in). The fracture is actually composed of 2 fractures 

dipping in the same direction. The photolog also shows what seem to be 

several smaller fractures nearer to the surface, though their horizontal 

orientation makes them difficult to distinguish from drilling break 

marks. 

The photologging procedures for CCR/C-1 were changed to provide a 

better record of the full 360 degree borehole wall. After the first 

picture at any depth, the camera is rotated 90 degrees so that the North 

symbol points due west. A second picture is then taken at the same 

depth. Study of the CCR/C-1 photolog shows that at approximately 2.1 m 

(7 ft) from the surface the borehole wall is damaged or altered by 

microfracturing or weathering. The photolog shows that the borehole 

interval from near the surface to a depth of 2 in (6 ft 7 in) is rela

tively fracture-free and suitable for seal testing. 

Photologs and preliminary core log fracture maps were studied to 

determine intervals suitable for sealing in CCR/C-1, CCR/C-2 and 

CCR/C-3. In CCR/C-1, the interval from 105 cm (3 ft 6 in) to 196 cm 
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(6 ft 6 in) from the surface was selected for testing and sealing 

(Figure 3.3). In CCR/C-2, the interval from 3 to 3.7 m was selected 

(Figure 3.4), and in CCR/C-3, the interval from 79 cm (31.5 in) to 147 

cm (58.5 in) (Figure 3.5). 

3.3.4 Videologging 

The photologging in borehole CCR/C-3 indicated that the objective 

of identifying fractures missed during core logging would be difficult 

to meet with the camera logging device. The photos obtained showed only 

the large fractures, already identified on the core logs. Resolution of 

the system was not detailed enough to detect smaller fractures. 

An interval suitable for testing and sealing in CCR/C-2 was 

determined in July, 1985, using a videolog of the borehole. Well Scan 

Video Surveys, Inc., of Phoenix, Arizona, performed the video logging of 

CCR/C-2 and CCR/C-4 with the assistance of members of the University of 

Arizona research team. 

Well Scan has a van that offers a completely contained borehole 

logging service with both downhole and sidescan video cameras. Inspec

tion of the van indicated that it would not have the clearance to drive 

to the site. A portable unit was improvised and the necessary equipment 

transported to the site with University of Arizona four-wheel drive 

vehicles. 

Figure 3.6 is a schematic of the downhole video assembly. The 

camera is a Panasonic 800-line resolution, low light level, black-and-

white video camera with a 4.8 mm "fish eye" lens. The light source is a 

40 watt bulb. Tape is recorded by an industrial grade Panasonic VHS 

recorder. The film is viewed on a Panasonic 700-line resolution 
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monochrome monitor with an improvised hood to shade'the screen from 

reflected sunlight. 

The view from the camera was immediately displayed on the monitor. 

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. 

The videologs of CCR/C-2 and CCR/C-4 provide an excellent record 

of the condition of both boreholes. Fracture resolution seems to 

include all fractures with apertures greater than 1 or 2 mm. The tape 

speed is slow enough to allow logging significant features. Each hole 

was videologged from the surface to the depth allowed by the assembly 

and then back up to the surface. 

The videolog for CCR/C-2 shows that a fracture previously logged 

at approximately 2.1 m (7 ft) from the surface actually dips from 200 cm 

(6 ft 8 in) to 223 cm (7 ft 5 in). Above and below it a damaged and 

weathered zone extends for more than 18 cm (7 inches). The video also 

reveals that the fracture is a source of moisture in the borehole, with 

visible seeping from all parts of the fracture and damaged zones. 

A comparison of procedures and results for the two forms of photo-

logging used at Cargodera Canyon suggests that the videologging is 

superior in a number of ways. Videologging is much faster. CCR/C-2 and 

CCR/C-4 were videologged in one 6-to-8 hour day. Photographic logging 

of CCR/C-3 and CCR/C-2 required at least three full days each. The 

video record provides a better fracture resolution than the photolog and 
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it is very easy to relog highly fractured or damaged zones since the 

borehole is being viewed on the monitor as the camera is lowered. On 

the other hand, the photolog equipment is easily assembled, less 

vulnerable to damage from off-road travel and extreme temperatures, and 

the final record of individual photographs is easier to correlate with 

the equivalent core logs. 

3.4 Borehole Hydraulic Conductivity Testing: A Literature Review 

3.4.1 Introduction 

The field study of rock permeability has been the focus of a 

number of investigations over the past decade (Bouwer and Rice, 1976; 

Bredehoeft and Papadopulos, 1980; Earlougher, 1977; Zeigler, 1976; 

Hsieh, 1983). This section reviews and compares the most commonly used 

methods. Criteria used for comparison include the theoretical founda

tions of the method, how appropriate the method is for different types 

of rock mass study, and the cost and time involved in the implementation 

of the method. The theory and practice of this type of site evaluation 

is still in the research and development stage. No hard and fast rules 

are available. Every field experience is unique in the problems 

encountered and in the validity of analysis and results. 

3.4.2 Approaches to the Problem 

From a hydrologic point of view, fractured rock masses can be 

regarded as consisting of two components: the intact rock and the system 

of interconnected fractures, the primary conduit of fluid flow in 

saturated rock. 

Two approaches are used to describe fluid flow through rock 

masses. The discrete approach treats fluid flow in individual frac
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tures. The fracture is represented as a conduit formed by two parallel 

plates. Flow is assumed to be steady, viscous and laminar. With these 

assumptions, the flow can be described by the "cubic law", which states 

that, for a given hydraulic gradient, the discharge through a fracture 

is proportional to the cube of the fracture hydraulic aperture. The 

discrete approach requires that the geometry of the fracture be known. 

Flow through a fracture network is modeled as flow through sets of 

individual fractures. 

The continuum approach uses a fictitious continuum to represent a 

network of fractures. At each point in the flow region two values can 

be assigned for pressure, porosity, specific discharge, hydraulic 

conductivity and specific storage. One value represents the fracture 

continuum. The other value represents the continuum that models the 

blocks between fractures. If the blocks are impermeable, the system can 

be represented solely by the fracture continuum. The mathematical 

treatment of such a system is identical to that of porous media flow. 

Which of the two approaches is most appropriate for a given 

investigation is a function of the size of the flow region, the scale of 

observation and the fracture density (Figure 3.7). Local flow regions 

containing few fractures may require a discrete approach. When fracture 

density is high enough, the continuum approach may prove more useful. 

Unfortunately, real investigations often involve regions where fracture 

density is too high for the discrete approach, but where observation is 

not adequate or detailed enough to make the continuum approach meaning

ful. 
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3.4.3 Field Test Objectives 

Two methods used for determining hydraulic conductivity of 

fractured rock in the field are single-hole tests and cross-hole tests. 

Packers isolate intervals in boreholes for testing. Single-hole tests 

are performed on packed-off intervals in a single borehole. Cross-hole 

tests require packed-off intervals in several holes. Fluid is injected 

through one borehole interval. Hydraulic head, temperature and tracer 

are monitored in the packed-off intervals of the other holes. 

3.4.4 Single-Hole Packer Tests 

Single-hole packer tests can be conducted in several ways. For 

steady state injection tests water is injected under constant hydraulic 

head into a packed-off interval. Hydraulic head and flow rate in the 

interval are monitored. Slug tests involve the instantaneous increase 

or decrease of hydraulic head in a packed-off interval. Subsequent head 

decay or recovery is monitored. 

These single-hole packer tests are interpreted assuming the rock 

is homogeneous, isotropic, and a porous medium. Flow is assumed to be 

governed by (e.g. Freeze and Cherry, 1979, p. 65; Todd, 1980, p. 100): 

V 7 2 S s  d h  (3.1) 
K d t  

where K is the scalar hydraulic conductivity, Ss is specific storage, h 

is hydraulic head, and t is time. Various solutions to the given 

equation are available. Which one is used depends on the assumed flow 

pattern in the rock. If steady state analysis is used, hydraulic 
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conductivity only is obtained. Transient analysis allows determination 

of hydraulic conductivity and of specific storage. 

Single-hole packer tests are simple to perform. Once the equip

ment has been set up, the tests can be conducted rapidly. This is an 

important advantage when a large number of measurements are required. 

There are disadvantages to the method. The volume of rock tested is 

small and limited to the immediate vicinity of the tested interval. 

Results cannot be interpreted as characteristic of the rock mass as a 

whole. Single-hole tests cannot be used to investigate anisotropic 

hydraulic conductivity. 

3.4.5 Injection Tests 

Injection tests can be used in both saturated and unsaturated 

rock. The traditional analysis assumes steady state flow. Steady-state 

analysis requires that injection into the packed-off interval continue 

until the flow rate has stabilized. The formulae used to calculate 

conductivity differ in the flow patterns assumed for their derivations. 

The most commonly used flow patterns are radial and prolate spheroidal 

or ellipsoidal (Figure 3.8). 

Radial flow assumes all flow is perpendicular to, and radially 

symmetric about, the borehole axis. It also assumes all flow is 

confined to a region bounded by impermeable boundaries extending from 

the upper and lower ends of the test interval. Steady radial flow is 

described by (e.g. Todd, 1980, p. 100): 
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-A(r-p)- 0 (3.2) 
dr  d r  

where r is the radial distance from the wellbore axis. Boundary 

conditions include: 

h~h w  a t  r - r u  

® a t  r - z w  
dr  2nKL  w  

where h is the hydraulic head at the wellbore, r is the radius of the 
W W 

borehole, Q is the volumetric injection rate, and L is the length of the 

injection interval. The solution for hydraulic conductivity is (e. g .  

Hsleh, 1983, p. 13; Zeigler, 1976, p. 41): 

K 2— ln-^2 (3.3) 
2nLAh w  r w  

where r is an assumed radius of influence, beyond which no head 

Increase is measured (h - h , ambient head), and Ah - h - h . 
o w w o 

Prolate ellipsoidal flow assumes all flow to emerge uniformly from 

a line source at the vertical axis of the borehole. The equipotential 

surfaces that result are confocal prolate ellipsoids whose foci are the 

endpoints of the line source. Following Hsieh (1983, p. 13), the 

solution developed by Hvorslev (1951) is: 
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Ah -—Q— [sirih"1 ( L^2+z) +sinh-l ( L t 2 ~ z )  ]  ( 3 . 4 )  
w 4nKL r r 

where 

A h-hw-hQ 

and r and z are cylindrical coordinates. If r is taken as rw and z is 

set equal to zero, i.e. the injection head is referenced at the origin 

or center of the injection interval (Fig. 3.12.b), then 

K-  „ Q In 
2nLMiw 2rw \ 

l+(-A_)2] (3.5) 
2 r. 

' W 

This solution does not require assuming a radius of influence. 

Transient flow analysis is not used frequently because accurate 

volumetric measurements are difficult to make during the transient 

portion of the test. The analysis also is more difficult than steady-

state analysis and the results are often ambiguous. Transient analysis 

assumes radial flow. Its theory is identical to that of constant 

drawdown aquifer tests given by Jacob and Lohman (1952). Flow is 

described by (e.g. Todd, 1980, p. 100): 

A JL (r-^1) -  S * ( 3 . 6 )  
r  dr  d r  K  d t  
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With the initial condition 

at t - 0 

and boundary conditions 

h - h at 
h - h^ as 

r - r 1 
X 

w 

the solution is (Jacob and Lohman, 1952; Hsieh, 1983, p. 18): 

Q{t )  -2nKLAh w W(t D )  (3.7) 

where t^ is dimensionless time and W(t^) is a well function whose values 

have been tabulated and developed into type curves. When these type 

curves are used, K can be estimated. The similar shapes of the curves 

make curve matching difficult over a wide range of values. The value of 

specific storage that results from this analysis is unreliable (Freeze 

and Cherry, 1979, p. 342; Hsieh, 1983, p. 16). Steady-state testing 

appears preferable because of its simplicity and because of the reli

ability of its conductivity results. 

3.4.6 Slug Tests 

The slug test can be performed quickly and requires less equipment 

than injection tests. Two types of slug tests are commonly used (Hsieh, 

1983, pp. 18-23). In the conventional, or gravity, method, the test 

interval is in contact with a standing column of fluid open to the 

atmosphere. Hydraulic head in the interval is subjected to a step 

change by instantaneously raising or lowering the fluid level in the 

column. The pressure slug method uses an isolated test interval. The 

hydraulic head in the interval is instantaneously increased by injecting 
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fluid into the interval or by plunging a displacement piston into the 

interval (Figure 3.9). 

The fundamental difference between the two test methods is the 

rate of head recovery after the step change is induced in the test 

interval. The conventional method has a slow recovery rate because the 

test fluid must flow into or out of the test interval before a head 

change will be registered. The pressure slug method has a quick head 

recovery because the response in the interval is governed by the 

compressibility effects. 

Both test methods assume radial flow out of the test interval. 

Methods for analyzing the test results differ significantly in their 

assumptions and in the testing factors they include. 

The method developed by Hvorslev (1951) assumes the empirical 

relationship (e.g. Freeze and Cherry, 1979, p. 340): 

Q g f  - -KFAS  (3.8) 

describing Darcian flow. It allows for different vertical and horizon

tal conductivities if vertical and horizontal are the principal flow 

directions. F is a shape factor. WS is the difference between pressure 

changes in the wellbore and pressure in the surrounding medium. For the 

gravity slug test, Hvorslev's solution can be written as: 

^nUn-|j+^l+(m-g)2] (3.9) 

2n t b L  

L  
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where is the horizontal permeability, m is the square root of the 

ratio of horizontal to vertical permeability, L/D is the ratio of test 

interval length to diameter, is a wellbore storage term and tg is the 

basic time lag or time it takes for induced pressure changes to be 

recovered in observation. Hvorslev's solution for the pressure slug 

test is the same except that the Cw term now expresses the compressibil

ity of water as well as the volume of the test zone. 

Skibitzke (1963) and Ferris and Knowles (1963) developed solutions 

for both types of tests based on the expression (e.g. Ferris and 

Knowles, 1962; Ferris et al., 1962): 

S ¥— (3.10) 
4«rt (e~r ff/m") 

where s is residual head (or drawdown in a "bailer" test), V is water 

volume in the slug, T is transmissivity, S is storativity, t is time 

since slug was introduced into borehole interval, and r is the radius 

from the borehole center. For large values of time and small values of 

r, the exponential goes to unity, and: 

S — (3.11) 
4pTt 

The slope of an arithmetical plot of s against 1/t can be used to 

calculate T. For the pressure slug test, a compressibility factor is 

included in the solution. 
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The most recent analytical approach is that of Bredehoeft and 

Papadopulos (1980). Their solution is developed into the relationship 

(e.g. Hsieh, 1983, p. 21): 

A w 
(3.12) 

where AH0 is the instantaneous head increase, AHv is the time-dependent 

head change in the test interval, and parameters « and p are defined 

by: 

i t  r*LS B  ( 3 . 1 3 )  

0- uKLt (3.14) 

The factor Sw takes into account that neither the isolation equip

ment nor water are perfectly rigid. Type curves are provided for 

F( «,p ) against p . A semi-log plot of change in head over time can 

be matched to calculate hydraulic conductivity as well as specific 

storage. The parameters computed for these type curves cover a wide 

range of conditions and results compare favorably with other methods. 
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Cooper et al. (1967) developed a similar solution for the gravity, 

or open hole, test method. This solution also includes the compressi

bility of water. 

The Hvorslev method is simple and provides results close to those 

developed by other methods. The mathematical assumptions it is based on 

do not have a strong theoretical foundation and no terms account for 

compressibility effects of water, equipment, or rock. The method only 

provides hydraulic conductivity. The Skibitzke/Ferris and Knowles 

method is also simple. Its theoretical basis is sound. It accounts for 

the compressibility of water. It is only useful for long-term tests and 

it can only provide hydraulic conductivity. The Bredehoeft and Papado-

pulos solution is the most rigorous. It accounts for the radius of the 

borehole, the compressibility of water, and the compliance of the 

testing equipment. It also allows the calculation of specific storage. 

3.4,7 Cross-Hole Packer Tests 

The cross-hole packer test is still in the research stage. The 

object of the test Is to measure, on field scale, the hydraulic conduc

tivity tensor and the specific storage of fractured rock. Fluid Is 

injected into a packed-off interval in one borehole. The resultant 

hydraulic head variations are monitored in the packed-off intervals of 

adjacent boreholes. In this way, it should be possible to investigate 

the degree to which a given fractured rock mass behaves as a homoge

neous, anisotropic, porous medium (Figure 3.10). 
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INJECTION 
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MONITORING 
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Figure 3.10 Conceptual picture of a fracture network and cross-hole 
injection and monitoring intervals. (From Hsieh, 1983, p. 
96) 
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Cross-hole test procedures are an extension of single hole 

testing. The success of the test depends, to a large extent, on how 

carefully the test intervals are selected. Current test procedures 

assume the existence of only two fracture types; high conductivity 

fractures and low conductivity fractures. Overall hydraulic conductivi

ty is assumed to be dominated by the high conductivity fracture network. 

The low conductivity fracture network is assumed to contribute little to 

overall flow. For this reason, the test intervals should be selected to 

intersect high conductivity fractures. This is especially true of the 

monitoring intervals. The injection intervals can be chosen with less 

rigor as it is assumed that fluid injected into low conductivity 

fractures will find its way into the high conductivity network. 

However, the high injection pressures this procedure might require could 

interfere with head monitoring in adjacent holes. 

3.5 Borehole Hydraulic Conductivity Field Tests 

3.5.1 Introduction 

Field testing with the goal of determining the in-situ hydraulic 

conductivity of borehole intervals selected for sealing is described. 

Two types of tests are used. The pressure slug test, using the 

procedures and analysis developed by Bredehoeft and Papadopulos (1980), 

provides an estimate of the hydraulic conductivity in the selected 

intervals under the flow conditions that exist prior to sealing. 

Long-term changes in conditions brought about by the injection flows and 

pressures used to test seals are monitored by a long-term constant 

injection test in a borehole left unsealed. These changes may be 

significant over long-term periods as the degree of saturation in the 
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host rock increases. It can be expected that, as the saturation in the 

host rock increases, the apparent hydraulic conductivity of the rock 

will increase (Evans, 1983). 

Long-term moisture content changes in the host rock as sealing 

tests continue are also monitored by neutron probe measurements made at 

regular intervals in boreholes around the seal test holes. 

3.5.2 Pressure Slug Test Theory 

Pressure slug testing was initiated in early 1985. The pressure 

slug method is used because of the relative simplicity of its 

procedures, the short period of time available for testing, and the 

rigor of solutions available for the test. A review of available 

analysis methods suggests the solutions developed by Cooper et al. 

(1967), Papadopulos et al. (1973), and Bredehoeft and Papadopulos (1980) 

are the most appropriate ones for the conditions and low hydraulic 

conductivities expected at the Cargodera Canyon study area (see Section 

3.4). 

The pressure slug test used at Cargodera Canyon is a modification 

of the conventional slug test. In the conventional slug test, an 

instantaneous change is induced in the water level of an open standpipe 

in the well to be tested. The water level decay in the standpipe is 

monitored (e.g. Freeze and Cherry, 1979, p. 339; Zeigler, 1976). The 

pressure slug test involves introducing an instantaneous increase in 

pressure into a filled and shut-in test interval and monitoring the 

decay of the induced additional head. The analysis assumes that all 

flow out of the tested interval is radial (Bredehoeft and Papadopulos, 

1980). 



The differential equation that describes non-steady, radial 

groundwater flow in a confined formation is 
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dr 2  r  dr  T  d t  

dPh t 1 dh _ S dh (3.15) 

where r is the radial distance from the center of the borehole; S is the 

storage coefficient of the tested interval; T is the transmissivity of 

the tested interval; h is the head change in the tested interval due to 

the induced pressure change; and t is time (Cooper et al., 1967). 

When the test starts, the head change due to pressurization of the 

test interval is zero everywhere in the formation being tested. This is 

described by the equation 

At large distances from the test interval the head change induced 

in the test interval is never experienced and 

h ( r ,  0)-0 (3.16) 

h(°°, t)  -0  (3.17) 

At the wall of the borehole, the formation or rock experiences the 

same head change as does the tested interval 
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(3.18) 

where rw is the radius of the borehole and H is the head change. 

The initial head change in the system induced by the 

pressurization that begins the test is HQ and 

H(0) -H Q  (3.19) 

The solution assumes that the water flowing from the test interval 

into the rock obeys Darcy's law and that the water flow rate equals the 

rate at which the water stored in the pressurized interval expands as 

the pressure in the system declines. These assumptions are expressed by 

<r„ t) -V„Cwp„sr|| (t) (3-20) 

where Vw is the volume of water within the pressurized interval; Cw is 

the compressibility of water; pw is the density of water; and g is 

gravitational acceleration. 

Expression (3.20) distinguishes the solution from the conventional 

slug test analysis by Cooper et al. (1967). In that solution, the 

expression that describes the rate of flow from the test interval into 

the formation is 
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2itrwr[6h(rw+0# t) ] / dx ~izTc(dH( t )  / d t )  (3.21) 

where r Is the radius of the standpipe. In the Bredehoeft and 

2 Fapadopulos (1980) solution, r is replaced by V C p g/ * ] , which 
C 1*? V? w 

expresses the Influence of the compressibility of the fluid used on the 

rate at which the fluid will flow into the rock around the test 

interval. 

The Cooper et al. (1967) solution uses the Laplace transform with 

respect to time to reduce the problem to 

< 3 ' 2 2 )  

where 

h( ° ° ,p ) -0  (3.23) 

and 

[dfc(r„+0,p) ] ' f3 241 
Sr (2Ft) tpT5(^w+0.p)-J^] (3,z^ 

The solution is 
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h( r ,p )  Z„SH 0 K 0 ( xq )  (3.25) 
Tg i r ^KQfr^ )+2aK 0 ( r l / i )  

where 

g-(^)i/2 (3.26) 

and 

a- r l s / z \  (3.27) 

An analogous problem in heat flow was solved by Carslaw and Jaeger 

(1959) and the inverse transform solution for h(r,t) is 

m 

2 H *  
h—-aj e-pua/ct [j"0 (ur/rw) [ujr0<u>-2«*i<u)] 

0 

-Y 0 (u r / i w) [uJ0(u)-2aJ"1(u) ] ]-^~ (3.28) 

2 
where p - Tt/r 

and 
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A (u) - [uJ"„ (u) -2aJ^) ( u )  ] 2+ [uy0(u) -2aY 1 (u )  ]2 (3.29) 

JQ(U), J^(U), YQ(U) and Y^(u) are the zero and first-order Bessel 

functions of the first and second kind. To find the head (H) inside the 

borehole interval, the radius of the borehole (r ) is substituted for 
w 

(r) in the inverse transform solution. H as a function of time in the 

borehole interval is 

If this solution for pressure decay in the borehole interval is 

considered a function such that 

(3.30) 

The dlmensionless decline in head in the test interval is then 

(3.31) 

(3.32) 

then for Cooper et al. (1967) 
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(3.33) 

while for Bredehoeft and Papadopulos (1980) 

A/ f 0  V v C w p w g  V w C u p w g  
A H n r »S  

f  ) (3.34) 

with the difference again being the substitution of compressibility 

terms for the radius of the standpipe in the Cooper et al. (1967) 

solution. 

The analysis assumes that only the compressibility of water 

influences the rate at which water flows from the test interval into the 

surrounding rock. This implies that the test equipment is perfectly 

rigid, as well as the rock within which the test is performed. A number 

of authors argue that this assumption is not valid for actual testing 

conditions (Hsieh, 1983, p. 20; Forster and Gale, 1980). Hsieh (1983) 

suggests a modified compliance term for the Bredehoeft and Papadopulos 

2 (1980) solution that includes the effect of packer compliance. The r 
c 

term introduced by Cooper et al. (1967) in his solution for the falling 

head test, which was replaced by VwCwpwg/ it in the Bredehoeft and 

Papadopulos (1980) solution, is replaced by an Sw term in the solution 

presented by Hsieh (1983, pp. 20, 87), where 
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VI W^pB (3.35) 

Y w-Pw£r (3.36) 

C p g - {  1 /V W )  (Av/A P)  (3.37) 

Ay - volume of water Injected for pressure pulse 

AP - resultant pressure Increase. 

The influence of the packer compliance factors on computed hydraulic 

conductivities is discussed in Section 3.5.6. 

3.5.3 Pressure Slug Testing Equipment 

Four packers are used for pressure slug testing at the Cargodera 

Canyon study area. Two can be inflated to seal the 16.3 era (6 1/2 inch) 

diameter holes at the study site and two will inflate to seal the 6.3 cm 

(2 1/2 inch) diameter holes. The packers are used in two 

straddle-packer assemblies, one for each size of hole to be tested. 

Figures 3.11a,b show the straddle-packer assembly as used in the 

field for pressure slug testing. The packers are connected by wire 

cable or rigid aluminum brace. The wire cable creates a flexible, 

adjustable straddle joint and makes handling the larger packers easier. 

High pressure plastic tubing is used for injection. Separate injection 

lines allow each packer to be inflated separately. Normally, there is 

some axial shortening and creep during packer inflation and it may be 

difficult to estimate precisely the length of borehole exposed to 

injection pressure. Inflating the lower packer first provides one 
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Figure 3.11a Schematic of straddle-packer assembly for pressure slug 
testing. Not to scale. 

The Ruska pump is a high-precision manually operated screw 
displacement pump. 
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Figure 3.11b Schematic of straddle-packer assembly for pressure slug 
testing. Not to scale. 

Pressure monitoring system is illustrated schematically. 
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definite boundary and allows visual inspection of the success of 

inflation and sealing. 

Figure 3,12 is a schematic of the type of packer used for field 

testing at Cargodera Canyon. The packers are manufactured by Roctest, 

Inc. The upper packer of the large diameter assembly has an overall 

length of 148 cm (59 inches) and an uninflated gland length of 88 cm (35 

inches). The lower packer of the large diameter assembly has an overall 

length of 171 cm (68 inches) and an uninflated gland length of 141 cm 

(56 inches). The packer is sheathed in a thick rubber cover. Both 

packers inflate to a diameter of 20 cm (8 inches). The upper packer of 

the small-diameter assembly has an overall length of 138 cm (55 inches) 

and an uninflated gland length of 68 cm (27 inches). The lower packer 

of the .small diameter assembly has an overall length of 143 cm (57 

inches) and an uninflated gland length of 68 cm (27 inches). 

Both packers inflate to a diameter of 7.5 cm (3 inches). The interval 

between the two packers in the small diameter assembly is fixed at 85 cm 

(34 inches). The interval between the two packers in the large-

diameter assembly is adjustable and the packers can be used individually 

for single packer tests. 

Single packer tests can be performed near the bottom of a hole 

(Figure 3.13). The test interval then is located between the packer and 

the hole bottom. 

All four packers were tested in the laboratory over periods of one 

week to a month. Steel pipes with 15 cm (6 inches) and 6.3 cm (2 1/2 

inches) diameters were used for testing the packers and test 

instrumentation. Compliance of the packers was measured over a range of 
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Figure 3.12 Schematic diagram showing packer construction. (From 
Hsieh, 1983, p. 78) 
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Figure 3.13 Single packer assembly used to test conductivity of 
borehole section between packer and hole bottom. 
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inflation and interval injection pressures, and compliance factors were 

calculated for each straddle-packer assembly. 

The pressure decay in the test interval is monitored using an 

externally mounted 345 kPa (50 psi) Dynisco transducer, an AD converter 

designed and built by the University of Arizona instrument shop, and a 

3-pen, quartz controlled Servogor 430 strip chart recorder capable of 

measuring from 0 to 110 volts. For some testing, the 345 kPa (50 psi) 

transducer is replaced by a 172 kPa (25 psi) Dynisco transducer to 

provide greater decay resolution at the lower testing pressures. The 

entire monitoring system was tested over a range of pressures to 

determine the linearity of signal output in the laboratory. A 

transducer calibration curve is provided in Appendix A. Calibration of 

the monitoring system is repeated after each field test to 

compensate for effects of temperature, pressure surges, volt surges, and 

off-road travel. 

Pressure is induced in the test interval with either of two types 

of pumps. Initial testing was done using a manual screw positive 

displacement pump in which a piston is displaced when the screw handle 

is turned. Several problematic test runs indicated that the pump leaked 

at back pressures greater than 140 kPa (20 psi). To avoid this 

possibility, the testing system was designed to isolate the pressure 

slug ahead of the source of the slug. A bleed valve allows the creation 

of the exact pressure required in the upstream system before any 

pressure is delivered to the test interval. A second pump, developed 

for a variety of test applications, uses nitrogen over water. Figure 

3.14 shows a schematic of this pump. A piece of 6.3 cm (2 1/2 inch) 
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Figure 3.14 Nitrogen over water injection pump. 
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O.D. clear PVC tubing was capped at both ends. The cap fittings allow 

connecting lines to the interval and from a nitrogen source. 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. Valves at both ends of the system and a bleed valve 

allow a pressure pulse to be isolated in the reservoir before any 

pressure is delivered to the test interval. This pump has the advantage 

of providing an accurate estimate of fluid injected into the test 

interval to create the pressure pulse. 

3.5.4 Pressure Slug Test Procedures 

Procedures for pressure slug testing at Cargodera Canyon are 

designed to insure that the tested borehole interval is effectively 

isolated from any pressure other than the pulse introduced for 

monitoring. Possible sources of pressure influence include improper 

packer seals, packers leaking inflation pressure into the test interval, 

fractures in the interval acting as conduits for fluid flow, and the 

effects of temperature and atmospheric pressure. 

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 recognition and yet 

influence the test results. 

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

separated by a cable, which can be adjusted to accommodate different 
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interval lengths. The packers were lowered into the hole by hand with 

6.3 mm (1/4 inch) nylon rope. 

Nylon tubing with a 3.1 mm (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 4.14 MPa (600 psi), which 

is much higher than the test requirements, and its flexibility makes it 

desirable for packer testing. After conducting several packer tests, it 

would now be recommended to consider the use of larger diameter tubing, 

such as 4.7 mm (3/16 in) or even perhaps 6.3 mm (1/4 inch) O.D., to 

reduce the friction losses (e.g. Zeigler, 1976, p. 51). It is not 

obvious, however, that this would really be necessary in very low 

permeability rock, i.e. with very low flowrates throughout the system. 

A more detailed analysis might be worthwhile. 

Pressure slug testing is initiated by lowering the straddle packer 

assembly to the depth at which the interval to be tested will be 

isolated when the packers are inflated. Injection lines are connected 

to the nitrogen source. The lower packer is inflated to the desired 

pressure and allowed sufficient time, about 10 minutes, to equilibrate. 

Water is then piped down the borehole to fill the interval to be tested. 

The top of the inflated gland of the lower packer is tagged and its 

depth from the surface recorded. The upper packer is then inflated to 

the desired pressure and allowed to equilibrate. Some excess water is 

introduced into the interval before upper packer inflation, and, as the 

packer inflates, this water is forced up the open injection line to the 

surface. Before the upper packer has completely expanded to the 

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

borehole for another 30 minutes prior to test initiation. Water in the 

injection line prevents air from being introduced into the interval 

during testing. The top of the inflated gland of the upper packer is 

located and its depth from the surface recorded. Nitrogen inflation 

pressure to the packers is maintained for the duration of the test. 

The straddle-packer assembly is allowed to equilibrate until there 

is no movement of water in the open injection line. The injection line 

is connected to the pressure delivery system but kept isolated from the 

pump. The pressure monitoring system is zeroed to the actual pressure 

in the test interval and a preliminary zero calibration is recorded on 

the strip record. The required pressure pulse is generated and isolated 

in the pressure reservoir. The pressure pulse is introduced into the 

pressure monitoring system and the pressure is recorded as calibration 

on the strip record. Pressure is then introduced into the test 

interval, the pressure monitoring system is engaged, and the pressure 

system is isolated by means of a shut-off valve on the surface. The 

time and actual initial pressure are recorded, as well as the speed of 

the strip chart recorder. Actual initial pressure is usually slightly 

less than the original pressure pulse as some pressure is lost to the 

compliance of the surface equipment. 

The packers are inflated to pressures from 0.7 to 1.4 MPa (100 to 

200 psi). Injection pressures never exceed 0.14 MPa (20 psi). 

Pressures are kept low to avoid the lifting some researchers associate 

with high injection and packer pressures in shallow boreholes (Zeigler, 

1976, pp. 39-40). 
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3.5.5 Pressure Slug Test Results 

3.5.5.1 Borehole CCR/C-3 

Pressure slug testing was initiated in January of X985. Borehole 

CCR/C-3 was selected for the first test as it had remained capped and 

clean. The available depth was only 2.5 m (8 ft 4 in). A core barrel 

blocked access to the rest of the hole. The straddle-packer assembly to 

be used for testing requires a minimum depth of 2.7 tn (9 ft) for proper 

operation. However, a single packer test could be performed if the 

bottom of the hole were plugged. 

The center of the stuck core barrel was plugged with a rock 

dropped into the hole. A volume of saturated sand sufficient for a 15 

cm (6 in) plug was then poured into the hole. This sand plug was capped 

by dropping approximately 1000 1.25 cm (1/2 inch) diameter bentonite 

tablets (American Colloid) through approximately 3 liters (0.8 gallon) 

of water. These were intended to form a 15 cm (6 in) clay plug above 

the sand. Four days later the top of this clay plug was measured at 216 

cm (7 ft 2 in) from the surface. 

Repeated trials proved the system incapable of holding a pressure 

pulse long enough for meaningful decay measurements. Raising and 

lowering the packer did not improve the test results. The packer was 

lowered to within 5 cm (2 in) of the clay plug with no success. It was 

concluded that the plug itself was failing as an effective seal. 

The hole section immediately above the plug was filled with sand 

and gravel. The sand and gravel layer was capped with a 15 cm (6 inch) 

cement cap. The top of the cement cap was measured at 1.58 m (5 feet 3 
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inches) from the surface. Another series of packer tests were run in 

this interval. 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 

hydraulic conductivity. Other factors, however, may have caused the 

rapid pressure decay. 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 dissipated 

through consolidation of the clay plug or through fissures and cracks 

that may have formed or enlarged 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 15 cm (6 inch) long, i.e. a very short, clay plug. 

Perhaps if the water pressure in the borehole were 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 performed on the cement plug as 

lower base showed the rapid decay typical for the first ones. 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 to seal 

the borehole 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, subsequent plug tests performed on cement and 
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bentonite plugs of a similar size showed the plugs to perform quite 

well. The most probable cause of pressure loss in the borehole is flow 

into borehole wall joints and fractures. Table 2.3 lists only one 

apparently unfractured interval in this borehole and a marginal interval 

above it. The approximately 40 cm (1 foot 4 inches) zone between these 

two intervals is not listed, which indicates it has a higher number of 

fractures than desired for seal testing. This zone may account 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. Similarly, it would be highly desirable to 

recover installed plugs, e.g. by means of overcoring, to allow detailed 

plug inspection. 

3.5.5.2 Borehole CCR/C-1 

Testing on borehole CCR/C-1 began in March 1985. Initial tests 

determined upper and lower boundaries for an interval competent for 

sealing. The first interval selected for testing extended from 158 cm 

(63 inches) to 98 cm (39 inches) from the surface. Table 3.1 summarizes 

the results of testing over a range of interval pressures. These 

results suggested that the interval was free of major fractures or 

damaged zones. The interval, however, was only 60 cm (24 inches) long. 
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Table 3.1 Pressure Slug Test, Borehole CCR/C-1, Interval from 98 to 
158 cm (39 to 63 inches) 

•k 
Duration High Pressure Low Pressure 
fmin̂  fpsil fusil 

14.36 11.0 10.3 

3.67 15.0 14.8 
6.70 14.8 14.6 

6.23 14.6 14.4 
6.42 14.4 14.2 
6.88 14.2 14.0 

2.58 17.0 16.8 
3.27 16.8 16.6 

3.27 19.8 19.6 
2.77 19.6 19.4 
2.38 19.4 19.2 
2.85 19.2 19.0 

* 
Duration is the time elapsed between the high and low pressures. 

Table 3.2 Pressure Slug Test, Borehole CCR/C-1, Interval from 105 to 
193 cm (42 to 77 inches) 

•ie 
Duration High Pressure Low Pressure 
(tnin) (psi} fDSil 

13.82 20.0 19.8 
7.96 19.8 19.6 
9.72 19.6 19.4 
8.15 19.4 19.2 
11.27 19.2 19.0 

16.58 10.0 9.8 
13.59 9.8 9.6 
10.00 9.6 9.4 
12.91 9.4 9.2 

Duration is the time elapsed between the high and low pressures. 
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In addition, a review of the core log suggested that the bottom of the 

the upper packer gland may have been inflated against a double set of 

healed fractures which might interfere with proper seating and sealing. 

The bottom of the top packer was lowered to 105 cm (42 inches) 

from the surface and the top of the bottom packer was lowered to a depth 

of 193 cm (77 inches). This provided a test interval of 88 cm (35 

inches). Packer pressure was set to 1 MPa (145 psi). Table 3.2 

summarizes the results of the initial testing. To determine the 

influence of injection pressures and packer pressures, the inflation 

pressure was increased to 1.4 MPa (200 psi) and the injection pressure 

reduced to 69 kPa (10 psi). The results of this test are included in 

Table 3.2. No meaningful differences in decay results were measured, 

A long-term pressure slug test was conducted on March 13 through 

14, 1985. Packer pressure was set to 1.03 MPa (150 psi). The interval 

tested extended from 105 to 193 cm (42 to 77 inches) from the surface. 

Table 3.3 is a record of the test decay values taken from the strip 

chart. The test ran for approximately 18 hours. Pressure introduced 

into the test interval was 62 kPa (9 psi). 

3.5.5.3 Borehole CCR/D-4 

Pressure slug testing on CCR/D-4 was begun in June of 1985. For 

these tests, the positive displacement pump used previously was replaced 

by the nitrogen over water pump and reservoir system discussed in 

Section 3.4. A review of the core log (Figure 3.15) suggested a 

suitable interval for testing between 173 cm (5 ft 9 in) and 294 cm (9 

ft 9 in) from the surface. The straddle packer assembly used for this 

testing has a fixed test interval length of 85 ± 5 cm (34 ± 2 inches) 



Table 3.3 Long-Term Pressure Slug Test, Borehole CCR/C-1 

Time 
(min> 

Pressure 
fusi} 

H/H 
V%<? 

0 9.00 100 
15 8.50 94.4 
30 8.25 91.7 
60 7.50 83.3 
90 6.75 75.0 
120 6.00 66.7 
150 5.75 63.9 
180 5.40 60.0 
210 5.00 55.6 
240 4.50 50.0 
300 3.75 41.7 
360 3.50 38.9 
A 20 3.00 33.3 
480 2.75 30.6 
540 2.50 27.8 
600 2.00 22.2 
660 1.75 19.4 
720 1.50 16.7 
780 1.25 13.9 
840 1.00 11.1 
900 0.75 8.3 
960 0.50 5.6 
1020 0.30 3.3 
1080 0.10 1.1 
1110 0 0 

•k 
Pressure H as a percent of initial pressure HQ. 



rSr\ 
c* 
7>r, rF5 

£ V? 
Vr «* 

% & o 
-«V r>j. 

51 

•V k 
•»* 

-> 

A' 

\> 

% & 
X-

-IX 
i V*| oC* 
J>v 

^rT & 
N.S. 
& 
N.S. 

L§J 

Figure 3.15 Borehole CCR/D-4 core fracture map. 



98 

to account for gland slide during inflation. The bottom of the top 

packer was set at 200 cm (80 inches) from the surface. Packer pressure 

was set at 1.24 MPa (180 psi). Table 3.4 lists the results of the first 

long-term pressure slug test on CCR/D-4. The test ran for approximately 

40 hours. The test began at 12:45 p.m. Initial interval pressure was 

set at 159 kPa (23 psi). 

A second long-term pressure slug test was conducted on CCR/D-4 

eleven days after the first test. The test began at 11:30 a.m. and ran 

for approximately 46 hours. Table 3.5 lists the results. Packer 

pressure was set at 1,24 MPa (180 psi) and initial interval pressure was 

set at 97 kPa (14 psi). 

3.5.5.4 Borehole CCR/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 3 and 4.3 m 

(10 and 14 feet). This interval was long enough, or so it was thought, 

to hold both packers. The lower packer, however, would not go past 3.6 

m (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 unsuccessful attempts were made to remove the obstruction. 

Single packer tests were utilized to select a suitable interval. 

The effective hole bottom was raised 20 cm (8 inches) by pouring sand 

down the hole and capping it with 13 cm (5 inches) of cement. The hole 

bottom was measured at 4 m (13 feet 4 inches) from the surface. Packer 

tests were conducted in the interval between 4 m (13 feet 4 inches) and 

3.26 m (10 feet 10 inches). The decay, while not as rapid as that 

observed in hole CCR/C-3, was high enough to cause concern. The 
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Table 3.4 Long-Term Pressure Decay Test #1, Borehole CCR/D-4 

Time Pressure H/H 
(min) (psi) (*? 

0 23.00 100 
30 20.10 87.4 
60 16.77 72.9 
120 13.63 59.3 
180 12.60 54.8 
240 11.41 49.6 
300 10.05 43.7 
360 9.88 43.0 
420 9.03 39.3 
480 8.52 37.0 
540 8.18 35.6 
600 7.16 31.1 
660 6.82 29,7 
720 6.65 28.9 
780 5.79 25.2 
840 5.45 23.7 
900 5.11 22.2 
960 4.77 20.7 
1020 4.26 18.5 
1080 3.75 16.3 
1140 3.58 15.6 
1200 4.26 18.5 
1260 4.94 21.5 
1320 5.62 24.4 
1380 6.47 28.1 
1440 6.99 30.4 
1500 8.52 37.0 
1560 8.45 36.7 
1620 7.67 33.3 
1680 6.99 30.4 
1740 6.65 28.9 
1800 5.96 25.9 
1860 5.28 23.0 
1920 4.60 20.0 
1980 3.92 17.0 
2040 3.24 14.1 
2100 2.56 11.1 
2160 2.21 9.6 
2220 1.53 6.7 
2280 1.02 4.4 
2340 0.51 2.2 
2400 0.07 0.3 

Pressure H as a percent of initial pressure HQ. 
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Table 3.5 Pressure Decay Test #2, Borehole CCR/D-4 

Time 
(mini 

Pressure 
fcsi) 

H/H * 

0 13.24 100 
20 12.82 96.83 
40 12.57 94.94 
60 12.37 93.43 
120 11.99 90.56 
180 11.69 88.29 
240 11.54 87.16 
300 11.34 85.65 
360 11.01 83.16 
420 10.36 78.25 
480 9.78 73.87 
540 9.28 70.09 
600 8.88 62.07 
720 8.34 65.26 
780 8.10 61.18 
840 7.90 59.67 
900 7.70 58.16 
960 7.60 57.40 
1020 7.57 57.18 
1080 7.43 56.12 
1140 7.24 54.68 
1200 7.07 53.40 
1260 7.21 54.46 
1320 7.44 56.19 
1380 7.67 57.93 
1440 8.04 60.73 
1500 8.33 62.92 
1560 8.66 65.41 
1620 8.88 67.07 
1680 8.74 66.01 
1740 8.52 64.35 
1800 8.34 62.99 
1860 8.04 60.73 
1920 7.65 57.78 
1980 7.28 54.98 
2040 7.03 53.10 
2100 6.83 51.59 
2160 6.60 49.85 
2220 6.43 48.56 
2280 6.30 47.58 
2340 6.21 46.90 
2400 6.12 46.22 
2460 6.06 45.77 
2520 5.88 44.41 
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Table 3.5 Pressure Decay Test #2, Borehole CCR/D-4--Continued 

Time Pressure H/H 
(min> (psî  (%*? 

2580 5.81 43.88 
2640 5.78 43.66 
2700 5.81 43.88 
2760 5.89 44.49 

•ft? 

Pressure H as a percent of initial pressure HQ. 
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hydraulic conductivity calculated from the decay curve was in the order 

of 10 ̂  cm/s, 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 3.92 m (13 

feet). This observation was confirmed by that of the project geologist, 

Nora Colburn. This is testimony to the merit and usefulness of borehole 

videologging. 

A new interval was prepared for testing by pouring more sand and 

then a cement cap on the bottom. The depth was brought to 3.7 m (12 

feet 3 inches). The new interval tested was between 3.69 m (12 feet 3 

inches) and 2.94 m (9 feet 9 inches) - a 75 cm (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 1.03 MPa (150 psi). 

3.5.6 Pressure Slug Test Analysis 

Analysis of the pressure slug tests conducted in boreholes 

CCR/C-1, CCR/C-2 and CCR/D-4 utilizes the type curve method discussed in 

Section 3.5.2. Type curves for a values of .1, .2, .5, 1, 1, 5 and 10 

were drawn using the values presented by Bredehoeft and Papadopulos 

(1980). For a values of 10 ̂  to 10 type curves were developed from 

values calculated by Cooper et al. (1967). Type curves for a values 

-6 -10 
from 10 to 10 were taken from values developed by Papadopulos et 

al. (1973). These type curves are included in Appendix B. 
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The results of the long-term pressure decay test for borehole 

CCR/C-1 are plotted in Figure 3.16. This decay curve is matched to the 

appropriate type curve by superimposing the curves and moving the decay 

curve horizontally while keeping the abscissa coincident. A good match 

is found for the type curve of a equal to 10Figure 3.17 shows the 

points of the decay curve as they fall along the type curve. The small 

deviation at early time suggests the test was started before the 

pressure in the interval was allowed to equilibrate, A match point 

of P equal 1 gives a time value of 90 minutes. Using the equations 

discussed in Section 3.5.2 and the packer compliance term developed from 

- 8 
laboratory testing, a hydraulic conductivity of 1.19 x 10" cm/s is 

calculated for this interval. 

The results of the pressure decay tests in CCR/D-4 are plotted in 

Figures 3.18 and 3.19. These are matched to type curves as described 

above. For the first decay test, a match point at 0 - 1 is selected 

-A -5 
for a values between 10 and 10 . The time used for calculation is 

320 minutes. The match is good for the test time after the first 100 

minutes. The early time decay is shallow and does not fit either curve. 

This may be a result of waiting too long for pressure to equilibrate 

before starting the test. It may also be a function of temperature. 

The test was conducted in July with afternoon temperatures approaching 

38°C (100°F). The early part of the test corresponds with the warmest 

time of the day. Though temperatures in the borehole should remain 

relatively constant, the transducers at the surface are susceptible to 

drift induced by high temperature. A temperature test discussed in 
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Section 4.10 suggests this drift can approach 20 percent of actual 

pressure values. 

Using the later time match, a hydraulic conductivity of 8.78 x 

-10 
10 cm/s is calculated for this interval. To determine the 

sensitivity of this value to proximate a values, the hydraulic 

-4 -5 -4 
conductivity at an a of 10 and of 10 was calculated. For o - 10 , 

a time of 290 minutes is used. Hydraulic conductivity is calculated to 

-10 -5 
be 9.69 x 10 cm/s. At a — 10 , time is 370 minutes and hydraulic 

conductivity is 7.60 x 10 ̂  cm/s. These results suggest that the 

analysis is similar over the range of a values used to match an 

individual curve. 

The decay plot for the second test in CCR/D-4 shows a distinct 

pressure increase pulse in the late time portion. During the time the 

test was conducted, thunderstorms occurred. Several volt surges were 

noted in the actual strip chart record. These may have resulted 

in a malfunction of the recording equipment over a brief period of time. 

If the curve is analyzed using the early time portion, the a value curve 

with the best fit is .1. The match point is /3 - .01 and time - 180 

minutes. The resulting hydraulic conductivity for the test is 1.56 x 

-11 
10 cm/s. If the later time portion is used, and the pressure pulse 

ignored, a — 10 P - 1, and time is 470 minutes. A hydraulic 

conductivity of 5.98 x 10 ̂  cm/s is computed for this portion of the 

curve. Table 3.6 summarizes the analyses of these tests. 

Figure 3.20 is the pressure decay curve for borehole CCR/C-2, A 

-10 
hydraulic conductivity of 7.88 x 10 cm/s was computed for the 

interval between 3.69 and 2.94 m (12 ft 3 in to 9 ft 9 in). 
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Table 3.6 Summary of Pressure Slug Test Analyses 

Borehole Test P 

Time 

(min) 

Hydraulic 
Conductivity 

K (cm/s) 

CCR/C-1 

CCR/D-4 

CCR/D-4 

CCR/D-4 

CCR/D-4 

CCR/D-4 

CCR/C-2 

1 

1 

1 

1 

2 

2 

10 
- 6  

10"4-10"5  

10 

10 

.1 

1 

-4 

-5 

1 

1 

1 

1 

.01 

1 

90 

320 

290 

370 

180 

470 

1.19 x 10 
- 8  

8.78 x 10 
-10 

9.69 x 10 

7.67 x 10 

-10 

-10 

1.56 x 10 
•11 

5.98 x 10 

7.88 x 10 

-10  

-10 
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The results of the test in CCR/C-1 are significantly higher than 

the hydraulic conductivities in CCR/D-4 and CCR/C-2. A review of the 

core logs suggests that the permeability of the interval in CCR/C-1 may 

be influenced by microfracturing near the top of the interval as well as 

some of the seams and infillings found throughout its length. If this 

is true, the values from the tests in CCR/D-4 are a better representa

tion of the hydraulic conductivity of the competent portions of the host 

rock. The various compliance terms used in the solutions are 

approximations depending, in part, on the precision of laboratory packer 

testing. The large volumes of the packers used in testing CCR/C-1 may 

have contributed to the difference in hydraulic conduc

tivity values as any error in determining their compliance is magnified 

by their size with respect to the volume of the interval tested. Both 

intervals are approximately 90 cm (3 feet) long, but the diameter of 

CCR/C-1 is more than twice that of CCR/D-4. However, so is the diameter 

of CCR/C-2. 

Freeze and Cherry (1979, p. 29) report hydraulic conductivity 

.9 
values of 10 cm/s for relatively unfractured granite measured in 

- 8 -11 
boreholes. They indicate an expected range of 10 to 10 cm/s for 

igneous rocks in general. The values determined in this study are in 

this range. They do vary significantly from borehole to borehole. 

3.6 Constant Pressure Infection Test 

3.6.1 Introduction 

A prime goal of borehole characterization testing at the Cargodera 

Canyon site is to determine the hydraulic conductivity of borehole 

intervals selected for sealing. Two factors qualify conductivity values 
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established by pressure slug testing. The tests are conducted prior to 

sealing and all seals are placed in unsaturated rock. Once performance 

testing of seals is underway, the degree of saturation of the 

surrounding rock changes as fluid is injected into the test intervals. 

A corresponding change in the hydraulic conductivity of the surrounding 

rock should occur. Maintaining a long-term constant injection test in a 

suitable proximate borehole provides a continuous record of hydraulic 

conductivity changes. It also allows a comparison of conductivity 

values derived from two types of testing. 

3.6.2 Constant Pressure Injection Test Procedures and Equipment 

The constant pressure injection tests at Cargodera Canyon use 

straddle-packers to isolate a borehole test interval . Fluid is injected 

into the interval at a constant pressure. The volume injected is 

monitored to determine the hydraulic conductivity of the interval rock. 

This test procedure is described by Zeigler (1976, pp. 18-19, 38-79); 

Hsieh (1983, pp. 10-14) and Bennett and Anderson (1976, pp. 16-17). The 

theoretical analysis for this test is discussed in Section 3.4.5. 

Figure 3.21 is a schematic of the equipment layout for constant 

pressure injection testing on CCR/D-4. The straddle-packer assembly 

used to isolate the test interval is the same as used in pressure slug 

testing on CCR/D-4. A small nitrogen over water pump and reservoir is 

used to apply pressure and monitor flow. 

Packer pressures are set at 1.24 MPa (180 psi). Interval pressure 

is maintained at 34 kPa (5 psi) to avoid deformation of the interval 

associated with high interval pressures in shallow boreholes. Zeigler 

(1976, pp. 39-40) quotes, as a rule of thumb, using only 1 psi of 
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Figure 3.21 Field arrangement for constant pressure injection test. 
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Injection pressure for each foot of depth (23 kPa/m) if the interval is 

above the water table and .57 psi for each foot of depth (13 kPa/m) when 

the test interval is below the water table. 

3.6.3 Results and Analysis of Constant Pressure Injection Test 

The results of the constant pressure injection test in CCR/D-4 

cover approximately 20 days. During this time testing was stopped 

repeatedly to make equipment adjustments. Injection pressure varied 

from 48 to 31 kPa (7 to 4.5 psi). 

Table 3.7 presents the volume injected over time as well as the 

hydraulic conductivity. Hydraulic conductivity is calculated using the 

analysis presented in Section 3.4.5. Figure 3.22 graphs the hydraulic 

conductivity over time. Early time values must be treated as 

approximations since equipment problems and down time for the system may 

have Influenced measured injected volumes. Late time values agree 

within an order of magnitude with pressure slug test results reported In 

Section 3,5.6 for borehole CCR/D-4. 

The steep drop in hydraulic conductivity over time may result from 

a number of factors. Bouwer (1978, Section 5.5) states that injection 

testing In an unsaturated medium Involves an artificial wetting of the 

test zone. Since this wetting entraps air in the voids, measured 

hydraulic conductivities will be less than if the medium was saturated. 

The small volumes injected may indicate that an extended time may be 

required to reach local saturation. 

No effort was made to monitor the consistency of Injection 

pressures between the times when measurements were taken. Temperature 

effects at the surface, as discussed in Section 4.10 may have increased 
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Table 3.7 Constant Pressure Injection Test Results, Borehole CCR/D-4 

Volume 
Water Hydraulic 

Pressure Injected Conductivity 
Date Time (psi) (cm ) (cm/s) 

7/31 1000 5 - -

8/31 1010 5 5.47 1.09 x 10"9 

8/3 1100 5 0.9653 9.51 x 10"11 

8/4 1300 5 1.93 
-10 

3.57 x 10 

8/4 1426 5 - -

8/6 1021 5 - -

8/7 1130 7 1.29 1.78 x 10"10 

8/8 1030 7 1.93 2.65 x 10"10 

8/8 1315 5 - -

8/9 1030 5 0.6435 1.46 x 10"10 

8/12 1035 5 1.29 8.61 x 10"U 

8/15 1140 5 - -

8/16 0800 5 - -

8/20 0745 4.7 1.29 6.89 x 10"11 
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injection pressures during unobserved testing time. This would induce 

higher injection rates and result in high values of calculated hydraulic 

conductivity. 

3.7 Neutron Probe Measurements 

3.7.1 Introduction 

The hydrologic characterization of unsaturated, fractured, 

crystalline rocks is complicated by the necessity of determining the 

water content of the rock. Many of the parameters in the governing 

equations for flow through unsaturated media are functions of water 

content. 

Field testing at Cargodera Canyon takes place in an initially 

unsaturated environment. As injection proceeds, local regions within 

the outcrop may approach saturation. The observed water table has 

fluctuated from 2.4 to 4.8 m (8 to 16 ft) from the surface over the time 

of this study. In addition, a number of larger fracture systems may act 

as recharge conduits. In this case, the rock around the immediate area 

of the fracture should have a higher moisture content than the rock in 

the rest of the outcrop. 

Neutron logging has been used by soil scientists to measure the 

water content of soils and by geophysicists to measure the saturated 

porosity of oil bearing formations and other rocks. The procedures are 

relatively simple, the equipment is portable and recommends itself to 

the type of field problems associated with Cargodera Canyon. The use of 

neutron probe measurements in unsaturated rock to determine changes in 

moisture content is reviewed by Tittman (1956) and McHenry (1962). A 

more recent discussion, with particular reference to high level 
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radioactive waste disposal, is offered by Andrews (1983). A Swedish 

experience with this type of neutron probe measurement is described by 

Nelson et al. (1979). 

3.7.2 Theory of Neutron Moisture Probe Operations 

A neutron is an uncharged subatomic particle with a mass nearly 

equal to the hydrogen nucleus. A fast neutron has an energy level 

greater than one million electron-volts (eV). A slow neutron is one 

whose energy level is less than one thousand eV. Certain elements emit 

fast neutrons when they are bombarded by alpha particles. Two neutron 

sources are radium-beryllium and americium-beryllium. The number of 

neutrons emitted per second is a function of the rate of disintegration 

of the alpha particle provider (radium or americium). The target 

material that emits the neutrons is usually beryllium in commercially 

available probes. Before they can be detected, the fast neutrons must 

be slowed down. They are slowed each time they collide with atomic 

nuclei. Actually, several hundred richochets or collisions occur before 

a neutron slows to the point where it can be detected. 

One exception to this are hydrogen atoms. They have approximately 

the same mass as the neutrons. When neutrons collide with hydrogen 

atoms, a tremendous loss of energy occurs. This loss of energy is so 

great that only 20 collisions are required to slow the neutron to a 

speed where it can be detected. 

The only major source of hydrogen in most soils and rocks is 

water. If no water is present, the fast neutrons emitted from the probe 

will bounce away at high speeds and probably will not be detected. If 

water is present, it will moderate the speed of emitted neutrons. The 
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neutrons will slow down quickly with few collisions and the collisions 

will have a high probability of being detected. 

It is significant that the neutron moisture probe detects any 

source of hydrogen, not just water. The neutron moisture probe is a 

hydrogen analyzer and measures moisture only when no other source of 

hydrogen is present. If other sources of hydrogen are present, the 

probe reading needs to be adjusted using appropriate calibration. 

A significant hydrogen source when determining the water content 

of low porosity crystalline rock is structural hydrogen. In most porous 

media, the percent hydrogen structurally bound within the material 

matrix is small compared to the percent of hydrogen in the water. In 

low porosity, crystalline rock, the percent bound water often exceeds 

the maximum saturated porosity of the rock. Nelson and Glenn (1975) 

report structural hydrogen values of 4.7-8.1 percent by volume from 

andesite with a porosity of 2.35 percent. Nelson et al. (1979, pp. 

136-7) describe a quartz monzonite with structural water of 1.72 percent 

by volume to a porosity of 0.68 percent. 

Standard calibration curves for neutron probe measurements are 

developed by using the probe in dry and saturated sands. If the 

saturated porosity of the sand is 30%, the presence of a small quantity 

of structural hydrogen will result in only a small error. However, for 

low porosity rock the error would be so great that the standard 

calibration curves would be meaningless. Since no proper bound water 

calibrations have been developed for crystalline rock, the neutron probe 

measurements can only indicate relative changes in moisture content. 

Andrews (1983) recommends a short spacing between source and detector to 
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compensate for the sensitivity of the radius of influence to small 

changes in moisture content. 

3.7.3 Neutron Moisture Probe Equipment and Procedures 

The neutron moisture probe used for field testing at Cargodera 

Canyon is a CPN 503 Hydroprobe manufactured in 1983 by Campbell Pacific 

Nuclear Corporation. It is designed to measure the moisture content at 

depths from 15 cm (6 inches) to 150 m (500 feet) using a radio

active source and internal detection and analysis electronics. Fast 

neutrons are emitted from the Americium 241/Beryllium source. The 

detector tube contains boron tri-fluoride. The effective volume for 

most measurements is an oblong shape with an approximately 15 cm (6 

inch) radius from the center of the measurement groove of the probe. 

This volume increases slightly as the moisture content of the material 

tested drops. This volume is estimated to encompass 90 percent of the 

thermalized or slowed neutrons. 

Figure 3.23 shows the neutron moisture probe inserted into a 

standard calibration barrel. Initial calibration of the probe is 

accomplished in dry sand and then in saturated sand. Water calibration 

is performed before each field application of the probe. This is 

accomplished in a barrel filled with water. A final calibration is 

performed in the field. The probe is read exposed to the atmosphere. 

This is considered the "standard" count and is used to compute the 

actual test reading ratios. 

Field procedure for the neutron moisture probe begins with the 

standard count calibration. This involves ten readings of 1 minute 

duration each while the probe is on the surface but still in its shield. 



121 

_0L 

£| |g> 

•  '  y . -

m 
\; 
• .. 

*  V  

• x::. 

Figure 3.23 Neutron moisture probe inserted in a standard calibration 
barrel. 
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The probe is then fitted over the borehole to be tested. A leveling 

platform is used to keep the probe centered as it is lowered down the 

borehole. Two readings of one minute each are taken at every foot (30 

cm) of depth, beginning at the lowest point to be tested and coming up 

30 cm (one foot) for each new set of readings. The shallowest reading 

is never less than 60 cm (two feet) to avoid exposing probe operators to 

the unshielded neutron source. 

Data reduction involves averaging each set of two readings from 

each 30 cm (1 foot) depth interval. The high and low standard counts 

are recorded and the standard deviation is determined using the square 

root of the average standard count. This standard deviation is added to 

the average and subtracted to produce the limits within which 68 percent 

of the standard count readings should fall. This will confirm that the 

probe is operating properly. Finally, for each depth's average reading, 

the ratio of the average field count to the average standard count is 

recorded. This ratio is used to plot the moisture content change over 

time. 
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CHAPTER FOUR 

1N-SITU TESTING OF BOREHOLE PLUGS 

4,1 Introduction 

This in-situ testing phase has as objectives the emplacement of 

bentonite plugs and testing their performance. This assessment requires 

long-term testing over a range of pressure and saturation conditions. 

Two bunkers were constructed at the lower site to secure the equipment 

and instrumentation from human or animal interference and to protect it 

from the elements. Plugs were emplaced using methods and equipment 

developed in laboratory prototype studies (Section 5.10). Transient 

pulse testing was used to determine if the plug injection and collec

tion structures are ready for performance testing. Long-term testing 

was initiated. 

The assessment of the sealing performance characteristics of 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. 

Earlier field borehole plug studies were conducted in boreholes that 

penetrated an aquifer (e.g. Daemen et al., 1985, Chapter 2). Aquifer 

pressure induced flow through the plug. These conditions enabled 

permeability -assessments to be performed by pressure build-up tests, 

volume build-up tests and tracer tests. The Oracle Ridge Mine study 

used a borehole (e.g. Daemen et al., 1985, Ch. 2) that penetrated two 

drifts, enabling access above and below the plug. This allowed injec
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tion of water above the plug and collecting it on the other side (e.g.  

Daemen et al., 1983, Ch. 2). 

Cargodera Canyon only has single-end access boreholes. No aquifer 

pressure can be utilized. The solution, tubes through the plugs, proved 

to be the greatest weakness in the plug design and installation. 

4.2 Site Preparation 

The proximity of the Cargodera Canyon study area to metropolitan 

Tucson and the location of the lower drill site adjacent to a well-

travelled off-road trail mandated the construction of secure bunkers 

for any long-term testing. 

Two bunkers were constructed on the lower site (Figure 4.1). 

Figure 4.2 shows the design of the larger bunker which enclosed bore

holes CCR/C-1 and CCR/C-3. A similar bunker, with the same length and 

width, but with a sloping floor that reduced available height at one 

end, encloses CCR/C-2 and CCR/D-4. Both bunkers were fitted with 

double-lidded steel doors that lock at each end. 

4.3 Plug Design 

The boreholes tested at the Cargodera Canyon study area are 

single-access holes in an unsaturated rock. Meaningful performance 

assessment requires long-term injection testing to determine the 

hydraulic conductivity of the seal and the seal interface. This 

estimates conductivity on the basis of measured flow through the plug. 

Plug design for the boreholes at Cargodera Canyon is based on the 

desirability to determine the mass balance for the plug-rock seal system 

under injection pressure. 



-NOTE-

CONTOUR INTERVAL = Z'l") a(/2'f-—') 
CONTOURS PARTLY SCHEMATIC ARE 
BASED ON COMBINED DATA OF TWO 
SEPARATE SURVEYS. ELEVATIONS 
SHOWN 'ARE FROM ESTIMATED 

ELEVATION OF POINT H 
(IOOON. (IOOOE ) 

OUTCROP 

850 N 

I 
OUTCROP 

*°ao~3JgY— 

CARGODERA CANYON 
AREA MAP 

LOWER SITE DRILL HOLE 
LOCATION MAP 

730 E 

Figure 4.1 Lower drill site, showing location of bunkers used to protect instrtimentation, enclosing 
boreholes CCR/C-1, C-3 and CCR/C-2, D-4, respectively. 



126 

A — 8' —V 

' / / / / / 

6L 

\ y\\x  7\x  \  ̂ w  \  
> I \* t * r * 1 1 1 1 \ V 

/ \\\ \ \ \ 

BOREHOLE 

/ 
01.0°̂  

ScVvevaa 

Yi6Mt:e *• Q-3 • 

of \jUt̂
elC 

poS 
e& 0ve* 

t>o*e frol
eS 

CO?-/0 
.1 ̂  



127 

Plugs with tubes through them provide access to the bottom of the 

plug. Concern existed regarding the possibility that the interface 

between the plug and the tube could 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. Laboratory tests on a plug with a tube through 

it were conducted. The results are reported in Chapters 5, 6 and 7. 

Figure 4.3 shows the double-plug and collection/tracer system. 

The system uses two plugs to enclose an injection zone. Collection 

occurs below the lower plug and above the upper plug. The lower 

collection system is sealed at the bottom with a 16.3 cm (6.5 inch) 

diameter PVC cap glued to a fixed wooden disk. The upper collection 

interval is sealed with a cement plug. The collector and injector 

systems are connected to the surface with 6 mm (1/4 in) O.D. stainless 

steel tubing. Tubing for the lower collection interval passes through 

both lower and upper seals. Tubing for the injection interval passes 

through the upper seal. Inside the 6 mm (1/4 in) stainless steel tubing 

is a 3 mm (1/8 in) O.D. stainless steel tube. This double tube arrange

ment is illustrated in Figure 4.4. Collection or injection occurs 

through the two lines running parallel to the base of the plug. These 

are 14 cm (5.5 in) diameter spirals of 6 mm (1/4 in) O.D. copper tubing 

perforated on both sides to optimize fluid circulation. The collector 

system operates as a conduit for fluid in the collection interval 

displaced by flow through the seal or seal-rock interface. The double-

tube system can also circulate tracer in any of the three isolated zones 
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until a desired concentration is reached. Figure 4.5 details the 

installation of the PVC cap that forms the sealed base for the entire 

plug system. The injection and collection intervals are filled with 

sand. 

4.4 Injection Test Equipment 

Injection equipment for plug testing at Cargodera Canyon is 

designed to provide a range of controlled injection pressures to the 

borehole seals and to measure the inflow and outflow through the seals 

and seal rock interfaces. Figure 4.3 is a schematic of the injection 

apparatus connected to the down-hole apparatus. 

Two injection systems are available. The first is a stainless 

steel pump 30 cm (12 in) long with an inside diameter of 6.25 cm (2.5 

inches). A piston inside the pump is driven by nitrogen pressure. The 

piston displaces water into the injection system. Attached to the 

piston is a rod that extends outside the cylinder. By precisely 

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

determined accurately. This system can also be connected to electronic 

monitoring devices. A linear voltage displacement transducer (LVDT) can 

be attached to the rod, and can be connected to a data acquisition 

computer. The pressure of the injected water can be monitored by a 

pressure transducer connected to the injection line. This data can also 

be fed into the data logger. The second system utilizes nitrogen over 

water and contains a large water reservoir to prevent evacuation of all 

the water, which would allow the nitrogen to interact with the plug. 

The system is designed so that pressure can be maintained on the 

injection interval while the pressure pump system is refilled. Trans-
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ducers can be mounted on all three interval lines without losing system 

pressure. 

Collection is accomplished using 10 ml capacity pipettes mounted 

in parallel with 2.5 cm (1-inch) diameter overflow tubes. High negative 

flows (into the collection zone) were anticipated, based on laboratory 

experience. The attached tube was installed to prevent overflows or to 

prevent negative flows from draining the system of water. While the 

system is not very accurate, it may 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 year or so. For long-term 

assessments of the plug performance, the collection system should be 

modified to provide greater measurement accuracy. 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 

of the water column above it. The transducer can be calibrated to 

determine the equivalent increase or decrease in water volume in the 

pipette from the pressure changes. 

4.5 Plug Installation 

4.5.1 Bentonite Plug Installation in Borehole CCR/C-1 

Borehole CCR/C-1 was sealed using two plugs of American Colloid 

1/2-inch (1.25 cm) diameter Volclay bentonite tablets. Plug emplacement 

started in May of 1985 and continued for approximately one month. The 

interval selected for testing extends from 105 cm (42 inches) to 193 cm 

(77 inches) below the surface. Plug emplacement was initiated with the 

installation of the PVC base as outlined in Section 4.3. Great care was 
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taken in emplaclng the PVC cap to establish an effective silicone seal 

around the full contact surface between the PVC cap and the borehole 

wall. This seal was given 24 hours to cure. The lower collection 

interval of saturated sand was poured in two steps to allow emplacement 

of the bottom collection apparatus. The lower plug was formed by 

dropping tablets of bentonite through water at a ratio of 1 tablet to 4 

cc of water. Initially, 200 bentonite tablets were dropped. Approxi

mately 48 hours later, 600 more tablets were dropped. The last 200 

tablets were dropped 48 hours later. One week later the plug was 

measured as approximately 15 cm (6 inches) long. At that time, the 

injection interval was emplaced with saturated sand sufficient to form a 

column 15 cm (6 inches) high. Again, this was done in two steps to 

allow the installation of injection apparatus in the center of the 

interval. 

The upper plug was formed by dropping 1000 bentonite tablets 

through water. One week later, plug height was measured as approximate

ly 12.5 cm (5 inches). Another 200 tablets of bentonite were dropped 

through water to bring the plug length to the desired 15 cm (6 inches). 

Approximately 72 hours later, the plug was measured at 15 cm (6 inches) 

of height. The upper collection interval was formed by pouring a volume 

of saturated sand sufficient to create a 15 cm (6 inch) column. This 

was done in two steps to allow the emplacement of the upper collection 

apparatus. Finally, 5 cm (2 inches) of additional sand were poured. 

This layer was designed to act as a buffer between the upper collection 

interval and the cement cap to be poured above it. Pouring cement on 

wet sand can induce piping in the cement (e.g. Daemen et al., 1983, Fig. 
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3.20; Daemen et al., 1985, Figs. 2.33, 2.34, 2.37) as well as differen

tial penetration of the sand column by stringers of the denser cement 

(Ch. 7). The cement cap was poured using Dowell System 1 cement 

prepared as follows: 

1) 555 grams of cement, 

2) 250 ml of water, and 

3) 16 to 18 drops of D-47 antifoaming agent. 

This constitutes the ingredients of one batch. Nine batches were 

prepared and poured. Each batch was mixed using procedures established 

for Cement System 1 by Daemen et al. (1983, Ch. 9, according to American 

Petroleum Institute (1977) standards). After a batch was prepared, it 

was poured into a rubber bucket and stirred while the next batch was 

.prepared. The batches were emplaced three at a time using a bailer. 

Three days after emplacement the cement cap was measured as 20 cm (8 

inches) high. Approximately 2.5 cm (one inch) of standing water is kept 

above the cement cap at all times to avoid it drying and cracking. 

Figure 4.6 shows the actual plug dimensions superimposed on the 

core log of the test interval in CCR/C-1. Plug emplacement experience 

suggests that dropping the bentonite tablets in layers creates a more 

uniformly swelled and longer plug than dropping all pellets for the 

entire plug at one time. For this reason the lower plug was built with 

1000 tablets while the upper plug required 1200 tablets for the same 

dimensions. Section 6.2 discusses the influence of the injection and 

collection apparatus on the competence of the bentonite plugs. An 

effort was made during field plug construction to secure the tubing 
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associated with this apparatus so that minimum movement of the tubing 

occurred while the plugs were swelling. 

Table 4.1 lists the borehole sealing bentonite quantities recom

mended by the manufacturer. For a 16.3 cm (6 1/2 inch) diameter 

borehole, the recommendation for a 15 cm (6 inch) plug would be 4.275 kg 

(9 1/2 lbs). Laboratory testing in this study determined the average 

weight for ten 1.25 cm (1/2 inch) diameter Volclay bentonite tablets as 

20.24 grams (0.045 lbs). Using the manufacturer's recommended weight, 

approximately 2000 tablets would be required to construct the desired 

seal. This is twice the number of tablets used in this study. Several 

factors are involved in the difference. The moisture content used in 

field testing was designed to maximize the swelling of the plug through

out its volume and to create as uniform a plug as possible. This may 

not be the most effective seal, but to infer performance of the plug as 

a whole from test results it is important to be able to assume some 

uniformity of the material tested. It is likely the manufacturer's 

recommended weight is based on a significantly lower moisture content. 

The manufacturer does not relate its recommendation to swelling times. 

The clay tablets swell slowly, especially if they are dropped through 

water all at once. Field experience suggests that at least 6 to 7 days 

are required for the plug to reach a final volume if it is allowed to 

swell freely in the axial direction. If a commercial user needs a given 

seal volume in a shorter time period, a larger number of tablets would 

be required. 
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Table 4.1 Weight of Bentonite Tablets Required for Borehole Seal 
with A Depth of 30 cm (1 ft) (American Colloid Company 
Volclay Tablets) 

Hole Diameter Weight of Tablets* 
finches') fibs) 

2 1.77 

3 4 

4 7.11 

5 11.11 

6 16 

7 21.77 

8 28.44 

*The manufacturer notes that swelling characteristics of clay can be 
affected by water quality. 



138 

4.6 Transient Testing of Bentonlte Seals 

4.6.1 Introduction 

The objective of transient testing of bentonite seals is to assess 

the effectiveness of the seals before long-term testing is initiated. 

The hydraulic conductivity of soils is a function of the degree of 

saturation (e.g. Hillel, 1971, pp. 106-9; Lambe and Hhitman, 1979, p. 

292). This is important in the seal environment where achieving 

complete saturation may require an extended injection time. Actual flow 

through the plugs may not be measured for a long time as the bentonite 

slowly achieves saturation. In addition, the collection system on the 

outflow side of each plug also functions as a drain, allowing the 

bentonite plugs to consolidate to some degree under injection pressure. 

This suggests that at least part of any initial outflow may be the 

result of consolidation and not flow through the plugs. These factors 

make analysis of long-term flow through the seals and seal-rock inter

faces difficult. Transient testing provides a means of approximating 

the competence of the plugs and of the entire tested interval, i.e. the 

plug-rock sealing system, in a short period of time. 

4.6.2 Equipment and Procedures 

The injection system designed and installed for long-terra testing 

of bentonite seals in CGR/C-1 is equally suited for short-term transient 

pulse testing. A pressure pulse is generated by the pressure system and 

isolated between valves while it is bled to an appropriate level. By 

connecting the injection line to the line leading to the collection 

interval, the pressure pulse can be delivered to collection intervals as 

well as to the injection interval. Decay of the pressure pulse is 
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monitored by a 172 kPa (25 psi) Dynisco transducer mounted on the 

appropriate interval line. A continuous record is maintained by the 

three-channel strip chart recorder used previously in borehole pressure 

slug testing. Intervals are tested individually and, initially, one at 

a time to avoid interference from pressure leaking from other intervals. 

4.6.3 Analysis of the Hydraulic Conductivity of Bentonite Plugs 

Analysis of the results of pressure decay tests of borehole 

intervals sealed with bentonite plugs is complicated by the flow 

assumptions that underly existing methods of treating pressure slug 

data. The Cooper et al. (1967), Papadopulos et al. (1973), and Brede-

hoeft and Papadopulos (1980) methods discussed in Section 3.5 treat all 

flow in the borehole as perpendicular to the axis of the test interval. 

Hsieh et al. (1981) developed a method for analyzing pressure decay 

through a "plug" tested in the laboratory. This method is discussed in 

Chapter 5. It assumes all flow in the test interval is through the 

plug, parallel to the axis of the interval. 

The pressure slug tests of in-situ bentonite plugs at Cargodera 

Canyon take place in intervals where water flows in two directions 

(Figure 4.7). Developing an analytical solution for the unique and 

complex boundary conditions that characterize this type of flow regime 

is beyond the scope of this study. South and Daemen (1986) present 

numerical sensitivity analyses for various configurations and plug-rock 

relative permeabilities. Existing solutions do suggest an analytical 

method for approximating the hydraulic conductivity performance of the 

plugs in the test interval. 
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Figure 4.7 Axial and radial flow from an injection section between two 
plugs. 
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The Bredehoeft and Papadopulos (1980) solution described in 

Section 3.5 includes a terra (Sw) that takes into account the compliance 

of the packers, as well as the compressibility of water. This term is 

used when the hydraulic conductivity of the test interval is calculated. 

The term is used as follows: 

P - (4.1) 
Sw 

where K is the hydraulic conductivity, L is the length of the borehole 

interval tested, t is time, and p is the value taken from the type 

curve solution after curve matching, and 

Su-V„tvCps (4.2) 

where is the volume of water in the test interval, yv i-s fche specif

ic weight of water, and Cps is a pseudo-compressibility term that repre

sents the combined effects of water compressibility and equipment 

compliance. 

The approximation method suggested in this analysis requires that 

the plugs themselves be treated as packers are treated in the Bredehoeft 

and Papadopulos (1980) solution, i.e. as complying seals at the ends of 

the test interval. Packer compliance describes the deformation of 

packers when subjected to pressure. Bentonite seals can be treated as 

compliant seals, deforming when subjected to pressure in the borehole 

interval. Packers comply by retreating to release pressure. Bentonite 
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seals can be expected to consolidate to some degree and to allow some 

pressure release in the form of fluid passing through the plugs. 

The hydraulic conductivity of the interval is already known from 

previous field testing. The Cps term can be found by rewriting equation 

(4.1) as: 

K and L are known. f) and t are found by matching a curve of pressure 

decay in the plugged test interval to type curves developed from the 

Bredehoeft and Papadopulos solution (1980) as described in Section 3.5. 

The compressibility term can be found by rewriting equation (4.2) 

as: 

where S is known and V is the volume of water in the test interval. 

Cps is normally found by preliminary calibration of field equip

ment as described by Hsieh (1983). Hsieh (1983, p. 87) gives the 

equation: 

c _ itKLt 
v" P 

(4. 3) 

(4.4) 

w w 
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(4.5) 

where V is the water volume in the test interval and WV is the water 
w 

volume used to induce the pressure increase AP . 

If Cps is known and V is the water volume in the test interval, 
• w ' 

then 

This expression describes the volume AV that needs to be injected to 

induce a pressure increase WP when deformable packers (seals) isolate 

the test interval. 

An empirical description of one-dimensional flow is given by 

Darcy's Law which states that the flow rate, Q, is proportional to the 

cross-sectional area, A, of the sample tested, proportional to the 

change in head, Ah , and inversely proportional to the length, L, of 

the sample tested. The coefficient of proportionality for this rela

tionship is K, the hydraulic conductivity of the sample. Then 

(4.6) 

(4.7) 
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where Q-AV/t is the flow rate. Plug hydraulic conductivity can be 

approximated from 

K-  ̂ (4.8) 
ALPt 

where L is the length of the plugs, A is their cross-sectional area, t 

is the test duration, and Av the cumulative flow through the plugs over 

the time t. 

The hydraulic conductivity thus calculated should be considered a 

conservative estimate. The Av/Ap value used assumes that the entire 

plug compliance is expressed in flow through the plugs. Laboratory 

observations (Chapters 5 and 6) show that plugs do consolidate initially 

under the induced pressure in the interval. L is not constant. This 

means that only a portion of the volume used to estimate the hydraulic 

conductivity of the plugs actually passes into the plugs. 

It should be noted that the initial hydraulic conductivity K used 

to calculate is obtained from the response of the entire borehole 

test interval. Local conductivities for individual injection or 

collection intervals may differ from the overall conductivity. 

4.6.4 Analysis of Bentonite Plug Storativity 

Analysis of field tests for the hydraulic conductivity of the 

borehole interval selected for sealing did not include any analysis of 

the specific storage of the host rock. The storage coefficient (or 



145 

storativity) is defined as the volume of water stored or released by an 

aquifer per unit surface area per unit change in the head normal to the 

surface area (e.g. Todd, 1976, p. 45; Freeze and Cherry, 1979, p. 60). 

Crystalline rocks are expected to have low storage coefficients, 10 ̂  to 

10 ® (Kruseman and de Ridder, 1970). Bear (1979, p. 89) lists the same 

range as representative for confined aquifers in general. Hsieh (1983, 

p. 23) references the limitations of the Cooper et al. (1967), Papado-

pulos et al. (1973), and Bredehoeft and Papadopulos (1980) solutions for 

calculating the value of storage coefficients. When a (equation 3.27, 

_5 
Section 3.5.2) is smaller than 10 , the shapes of the type curves are 

very similar and the curves are close to each other. The solutions 

involved in determining the hydraulic conductivity of borehole intervals 

before they were sealed use o values smaller than 10 For this 

reason, no effort is made to estimate the storage coefficient of the 

rock. 

Large a values are more likely to occur in materials with high 

storage coefficient values, such as unconsolidated clays (Hsieh, 1983, 

p. 23). The solutions and type curves appropriate to analyzing pressure 

decay in the plugged intervals involve larger a values, with type 

curves spaced more widely (Appendix B). Specific storage values can 

then be computed with more confidence. 

The type curves used in analyzing pressure decay in plugged test 

intervals assume all flow occurs normal to the axis of the test inter

val. The storage coefficient is considered to be a property of the host 

rock that receives flow though the borehole wall. In the case of the 

intervals plugged with bentonite at Cargodera Canyon, however, the 
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storativity of the rock is small compared to the assumed storativity of 

the clay, differing by several orders of magnitude. If the solution 

involves a large a , the storativity could be considered primarily a 

function of the plug storativity, where a is defined by equations 3.13 

and 3.27. 

and S is the storage coefficient (Papadopulos et al., 1973). 

Bredehoeft and Papadopulos (1980) note that for a values greater 

than 0.1 the type curves plotting F( a,p ) against 0 are similar in 

shape and spaced significantly apart. Matching these curves could 

involve significant errors in calculating hydraulic conductivity. They 

suggest, instead, that curves be used plotting F( a,p ) against the 

product of ap , where <*p is: 

This solution only allows the calculation of the product of hydraulic 

conductivity and the storage coefficient. 

4.6.5 Results of Transient Pulse Testing of Bentonite Seals 

Four pressure decay tests were performed on the sealed intervals 

in borehole CCR/C-1. Table 4.2 presents the results of the first test. 

The injection pressure was set at 48 kPa (7 psi) and the test was 

started when interval pressure was 47 kPa (6.8 psi). Table 4.3 shows 

(4.9) 

1trZSKLt «p - (4.10) 
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Table 4.2 Borehole CCR/C-1 Injection Interval Pressure Decay Test #1 
(fientonlte Plugs) 

Time 
fmin^ 

Pressure 
Cosi) 

H/H 
frt 

0 6.8 100 
45 6 88.2 
105 5.78 85 
165 5.56 81.7 
225 5.41 79.6 
285 5.31 78.1 
345 5.25 77.2 
405 5.10 75 
465 5.05 74.3 
525 4.94 72.8 
585 4.88 71.8 
645 4.82 70.9 
705 4.69 69 
765 4.63 68.1 
825 4.54 66.8 
885 4.47 65.7 
945 4.46 65.6 
1005 4.5 66.2 
1065 4.45 65.4 
1125 4.32 63.5 
1185 4.26 62.6 
1245 4.2 61.8 
1305 4.16 61.2 
1365 4.01 59 
1425 3.94 57.9 
1485 3.94 57.9 
1545 3.94 57.9 
1605 3.88 57.1 
1665 3.69 54.3 
1725 3.67 54 
1785 3.57 52.5 
1845 3.48 51.2 
1905 3.38 49.7 
1965 3.32 48.8 
2025 3.26 47.9 
2085 3.25 47.8 
2145 3.2 47.1 
2205 3.11 45.7 
2265 3.07 45.1 
2325 3.06 45 
2385 3.09 45.4 
2445 3.1 45.6 
2505 3.13 46 
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Table 4.2 Borehole CCR/C-1 Injection Interval Pressure Decay Test #1 
(Bentonite Plugs)--Continued 

Time Pressure H/H 
fmin) fvsi) ( %? 

2565 2.95 43.4 
2625 2.92 42.9 

* 
Pressure H as a percent of initial pressure H . 

Table 4.3 Borehole CCR/C-1 Injection Interval Pressure Decay Test #2 
(Bentonite Plugs) 

Time Pressure H/H 
fmin") fDSi) f % V  

0 7.78 100 
60 7.68 99 
120 7.28 94 
180 7.07 91 
240 6.77 87 
300 6.64 85 
360 6.51 84 
420 6.23 80 
480 6.07 78 
540 5.94 76 
600 5.75 74 
660 5.54 71 
720 5.47 70 
780 5.34 69 
840 5.21 67 
900 5.06 65 
960 4.9 63 
1020 4.87 63 
1080 4.68 60 
1140 4.59 59 
1200 4.49 58 
1260 4.39 56 
1320 4.27 55 
1380 4.27 55 
1440 4.18 54 
1500 4.05 52 
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Table 4.3 Borehole CCR/C-1 Injection Interval Pressure Decay Test #2 
Continued 

Time 
fmin"i 

Pressure 
fDSi") 

H/H 

1560 4.01 52 
1620 3.93 51 
1680 3.80 49 
1740 3.69 47 
1800 3.6 46 
1860 3.43 44 
1920 3.34 43 
1980 3.24 42 
2040 3.12 40 
2100 3.02 39 
2160 2.92 38 
2220 2.75 35 
2280 2.70 35 
2340 2.60 33 
2400 2.41 31 
2460 2.30 30 
2520 2.24 29 
2580 2.14 28 
2640 2.04 26 
2700 1.95 25 
2760 1.84 24 
2820 1.75 23 
2880 1.7 22 
2940 1.66 21 
3000 1.63 21 
3060 1.53 20 
3120 1.13 15 
3180 1.01 13 
3240 .89 11 
3300 .76 10 
3360 .51 7 
3420 .47 6 
3480 .35 5 
3540 .23 3 
3600 .19 2 
3660 .14 2 
3720 .09 1 
3780 0 0 

Pressure H as a percent of initial pressure HQ. 
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the results of the second pressure decay test performed on the injection 

interval in CCR/C-1. Testing was initiated with an interval pressure of 

just under 55 kPa (8 psi). Table 4.4 presents the results of the 

pressure decay test on the upper collection interval with an injection 

pressure set at 38 kPa (5.5 psi). Table 4.5 gives the results of the 

decay test performed on the lower collection interval. Testing was 

initiated when interval pressure was approximately 55 kPa (8 psi). 

The analysis of these tests utilizes the methods discussed in 

Sections 3.5.2 and 4.6.3. For each test, a curve was prepared of 

dimensionless pressure decay against the log of time in minutes (Figures 

4.8 through 4.11). 

Curve matching was accomplished using the type curves discussed in 

Section 3.5.6 and plotted in Appendix B. Measured curves are superim

posed on the type curves and moved horizontally, keeping the abscissa 

coincident, until a match with a type curve is achieved. For the first 

injection interval test, a match with the a - 0.1 curve gives a time of 

520 minutes for a P of 0.1. The second test in the injection interval 

matches with the a - 10 ^ curve and at P - 1 gives a time of 720 

minutes. The upper collection interval test matches the a — 0.5 curve 

and at a P of 0.01 gives a time of 140 minutes. The lower collection 

interval test matches the curve of a - 1 and for a p of 0.01 gives a 

time of 110 minutes. These results are summarized in Table 4,6. 

The hydraulic conductivities listed in Table 4.6 are for the seals 

and the seal-rock interface, as described in Section 4.6.3. The values 

calculated for the injection interval actually represent two plugs, one 

on each end of the interval. The storativity coefficients are calculat-
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Table 4.4 Borehole CCR/C-1 Upper Collection Interval Pressure Decay 
(Bentonite Plugs) 

Time 
(min} 

Pressure 
(DS!} 

H/H 

0 5.42 100 
60 4.92 90.8 
120 4.74 87.5 
180 4.57 84.3 
240 4,42 81.5 
300 4.29 79.2 
360 4.22 77.9 
420 4.15 76.6 
480 4.03 74.4 
540 3.96 73.1 
600 3.91 72.1 
660 3.85 71.0 
720 3.74 69.0 
780 3.61 66.6 
840 3.58 66.1 
900 3.55 65.5 
960 3.46 63.9 
1020 3.41 62.9 
1080 3.33 61.4 
1140 3.28 60.5 
1200 3.13 57.7 
1245 3.10 57.2 

Pressure H as a percent of initial pressure HQ. 
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Table 4.5 Borehole CCR/C-1 Lower Collection Interval Pressure Decay 
(Bentonite Plugs) 

Time Pressure H/H 
(roin> fpsi') (%*? 

0 7.9 100 
60 6.77 85.7 
120 6.23 78.9 
180 6.10 77.2 
240 5.97 75.6 
300 5.72 72.4 
360 5.47 69.2 
420 5.22 66.1 
480 4.99 63.2 
540 4.87 61.7 
600 4.74 60 
660 4.58 57 
720 4.49 56.8 
780 4.33 54.8 
840 4.27 54.1 
900 4.14 52.4 
960 4.08 51.7 
1020 4.01 50.8 
1080 4.00 50.6 

Pressure H as a percent of initial pressure HQ. 
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Table 4.6 Results of Pressure Slug Testing of Bentonite Seals 

K 
t (cm/s S 

Test Interval a P (roin) x 10 (x 10 "*) 

1 Injection .1 .1 520 .342 .144 

2 Inj ection 10"5 1 720 .0341 -

3 Upper 
Collection 

.5 .01 140 3.40 1.93 

4 Lower 
Collection 

1 .01 110 4.35 3.88 

K: hydraulic conductivity 

S: storage coefficient of the tested interval 
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Table 4.7 Temperature Effect Test - Injection Interval CGR/C-1 

Pressure 
Time (psi) 
11:44 am 5.00 (initial setting) 
12:44 pm 5.05 
1:44 pm 4.98 
2:44 pm 4.98 
3:44 pm 4.98 
4:44 pm 4.94 
5.44 pm 4.90 
6:44 pm 4.60 
7:44 pra 4.86 
8:44 pm 4.93 
9:44 pm 4.92 
10:44 pm 5.00 
11:44 pm 5.03 
12:44 am 5.06 
1:44 am 5.03 
2:44 am 5.05 
3:44 am 4.94 
4:44 am 4.99 
5:44 am 5.03 
6:44 am 5.07 
7:44 am 5.11 
8:44 am 5.28 
9:44 am 5.32 
10:44 am 5.33 
11:44 am 5.45 
12:44 pm 5.68 
1:44 pm 5.72 
2:44 pm 5.73 
3:44 pm 5.77 
4:44 pm 5.79 
5:44 pm 5.79 
6:44 pm 5,77 
7:44 pm 5.67 
8:44 pm 5.53 
9:44 pm 5.47 
10:44 pm 5.46 
11:44 pm 5.38 
12:44 am 5.32 
1:44 am 5.29 
2:44 am 5.21 
3:44 am 5.13 
4:44 am 5.09 
5:44 am 5.07 
6:44 am 5.07 
7:44 am 5.11 
8:44 am 5.30 
9:44 am 5.48 
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ed using the method described in Section 4.6.4. Equation (4.9) relates 

a to storativity, S. Sw is treated as the compressibility of the water 

in the volume tested, to isolate the contribution of the storativity of 

the seals themselves. 

The best method for judging the significance of the hydraulic 

conductivities calculated for the bentonite seals and seal-rock inter

faces is to compare them to values established by laboratory testing 

reported in Sections 6,2, 6.3, 6.8 and 6.9. The values calculated from 

field tests are higher than those determined in the laboratory, but 

close to the values for the interval in CCR/C-1 determined in Section 

3.5.6. The field test values can be expected to be higher given that 

they measure not only the hydraulic conductivity of the plug but also 

the effectiveness of the plug-rock interface. In addition, the method 

used to calculate field hydraulic conductivities is conservative as it 

does not take into account the actual compliance of the plugs when 

subjected to a pressure pulse. No effort was made to estimate the rate 

at which the plugs tested in-situ consolidate under pressure. This 

would be difficult to do as they drain into large reservoirs that are 

constantly losing water to the swelling plugs. Nevertheless, the values 

calculated for plug performance in the field seem to meet the standard 

of conductivity determined by the hydraulic conductivity of the borehole 

interval itself. Finally, the shape of the curves developed from the 

decay tests suggests that all the intervals tested are competent and 

enclose no major fractures or flowpaths. Any such major conduit would 

have resulted in an obvious drop in pressure away from the stable and 

shallow fall of the curves corresponding to pressure dissipation. 
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4.7 Long-term In-situ Performance Testing of Bentonite Plugs 

Long-term In-situ testing of bentonite plugs involves Injection 

under constant pressure into the interval between the two bentonite 

plugs and collection on the downstream side of each plug. Injection 

pressure is kept low (69 kPa; 10 psi) to avoid deformation in the test 

interval associated with higher injection pressures (Zeigler, 1976, pp. 

39, 61, 71). 

Testing began in June 1985. The injection interval has continued 

to take water under pressure at a rate that has declined slowly. Figure 

4.12 is a plot of volume injected at approximately 69 kPa (10 psi). 

Both collection intervals also have continued to take water under the 

small head induced by the difference in height between the intervals and 

the collection reservoirs at the surface. Figure 4.13 is a plot of the 

flow into each collection interval. Both figures show that the system 

is reaching a state of equilibrium with no flow into the collection 

intervals and small flows Into the injection interval. 

Two factors are important in reviewing the results of constant 

injection testing of bentonite plugs to date. The large volumes of 

water Injected seem problematic given that the plugs are confined on 

each side by presumed incompressible sand columns. This implies that 

the plugs can not swell. However, laboratory studies (Sections 6.2 and 

6.9) suggest that the bentonite plugs draw a large quantity of water 

from the sand columns as they slowly saturate. Saturation involves 

replacing the air-filled voids with water and, therefore, does not 

necessitate an increase in volume. Lambe and Whitman (1979, p. 251) 

suggest that all pore spaces in clay are interconnected, and no pore 
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space is truly Isolated from the influence of water. This influence 

acts in two ways. When the effective stress on the clay reaches a 

certain point, the air in the voids dissolves into the water. The clay 

also draws water into itself through capillarity. Both these factors 

are treated in Chapter 6. 

A number of authors have commented on the non-Darcian flow 

behavior apparently observed in clays, especially sodium montmorillonite 

bentonites of the type used here (Oakes, 1960; Mitchell, 1976, pp. 

349-351, discusses several additional references as well as the likely 

mechanisms involved). Several reasons have been advanced for this flow 

behavior and resolving the issue is beyond the scope of this study. It 

should be noted, however, that inducing flow through bentonite plugs 

with low pressure gradients is difficult and probably requires extended 

duration for obtaining meaningful test results. 

4.8 Influence of Temperature on In-Situ Testing 

The temperatures at the Cargodera Canyon site, especially during 

the summer, can be extreme. To determine the influence of temperature 

on the instruments used to test in the field, a two-day test was run on 

the injection interval in CCR/C-1, A transducer was mounted to the 

injection line and a strip chart recorder monitored the changes in 

injection pressures. The pressure was set to remain "constant" at 34 

kPa (5 psi). Table 4.9 lists the results. Figure 4.14 shows the change 

in pressure in the injection line over the same time. Surface tempera

tures at the site varied during this period from late afternoon highs of 

over 38°C (100°F) to early morning lows of 21°C (70°F). The experiment 

shows an increase in pressure during the hotter part of the day of 
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Figure 4.14 Change in pressure over a two-day period, presumably as a result of thermal effects 
(Section 4.8). 
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approximately 5 kPa (.75 psi). This increase could be the result of 

actual pressure changes in the injection line or of drift in the 

transducer induced by the heat. Akgun and Daemen (1986, Appendix F) 

present a simple analysis illustrating the significant influence of 

temperature on pressures within fluid filled closed containers, e.g. 

steel pipe, and hence on transient pulse tests. 
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CHAPTER FIVE 

LABORATORY INVESTIGATION OF BENTONITE BOREHOLE PLUGS 

5.1 Introduction 

This laboratory study has three principal areas of investigation, 

each related to in-situ testing. Field conditions are reproduced 

whenever possible. The three areas include (1) the study of prototype 

bentonite plugs at field scale and under simulated field conditions; (2) 

the determination of plug permeability isolated from the influence of 

in-situ placement and the permeability characteristics of the host rock; 

and (3) the establishment of reference values for the clay tested to 

contribute to the prediction of plug performance under field conditions. 

In addition, equipment calibration and performance testing is conducted 

at field scale to provide the appropriate values for the analysis of 

field results. 

The study of prototype bentonite plugs in the laboratory has as 

objective determining the behavior of plugs as constructed and once they 

are subjected to injection pressure. Visual inspection of the plugs 

provides insight into the behavior of the plugs in the field. Subject

ing the plugs and sand intervals to water under pressure and measuring 

the flow rates while observing changes in the test column provides 

information about the behavior of the plugs tested in-situ under similar 

conditions. 

The hydraulic conductivity of bentonites used in this study when 

measured in the laboratory under controlled conditions provides impor
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tant criteria for determining the effectiveness of plugs tested in-situ. 

This is especially true given the difficulty involved in precise 

analysis of the field test results, where available theory does not yet 

provide a totally adequate framework for estimating key values. 

Laboratory hydraulic conductivity testing includes constant pressure 

injection as well as pressure decay, transient analysis. The signifi

cance of consolidation and swelling to the test procedures, the clay 

behavior and the analysis of results is investigated. The role of 

moisture content and degree of saturation in hydraulic conductivity is 

estimated using samples similar in content and construction to the 

in-situ plugs. 

Reference testing of bentonites has as objective determining 

significant engineering characteristics. These include liquid and 

plastic limits, optimum water content, and unconfined and confined 

swelling characteristics. These values provide a basis for estimating 

improved plug construction methods as well as judging the effectiveness 

of the methods used for plug construction and emplacement. 

5.2 Characteristics of Bentonite Used in Seal Testing 

The bentonite tablets used in this study are American Colloid 

Company Volclay Tablets, manufactured and distributed from Skokie, 

Illinois. The tablets are 1.25 cm (1/2 inch) in diameter and come in 9 

to 22.5 kg (20 to 50 lb) containers. The manufacturer describes the 

product bentonite as a hydrous silicate of alumina comprised essentially 

of the clay mineral montmorillonite, Montmorillonite should represent a 

minimum of 90 percent of the content of the clay product. Other 

minerals present include feldspar, biotite and selenite. The pH of the 
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clay should range from 8.5 to 10.5. The dry bulk density as delivered 

3 3 
averages 2,050 kg/m (128 lb/ft ). Individual tablet density averages 

2.066 g/cm3 (129 lb/ft3), Specific gravity varies from 2.3 to 2.5, 

which suggests that actual grain density ranges from 2.3 g/cm (143.5 

lb/ft3) to 2.5 g/cm3 (156 lb/ft3). 

Experiments at American Colloid established that for their 6.35 mm 

(1/4 inch) diameter tablets, for a number of tablets with a weight equal 

to 90.6 grams, total volume of the tablets is 83.9 cubic centimeters, 

while the pore volume is 41 cc. Similar tests with 12.7 mm (1/2 inch) 

diameter tablets show that for tablets equal in weight to 72 grams, 

total volume is 83.4 cc, pore volume is 49.9 cc, and the volume of 

solids is 33.5 cc. This suggests an individual tablet density of 

approximately 2.15 g/cm3 (134.2 lb/ft3). 

A comparison of the indicated individual tablet density with a 

grain density calculated from the specific gravity range as listed by 

the manufacturer suggests a probable individual tablet porosity ranging 

from 10 to 17 percent by volume. Using the relationship e - n/(l - n), 

where n is porosity and e is void ratio, a void ratio of from .11 to .20 

is calculated for the Individual tablets. 

Two 22.5 kg (50 lb) bentonlte tablet containers were ordered from 

the manufacturer. A whole rock analysis was performed by Copper State 

Analytical Lab, Inc., of Tucson, Arizona on two samples. Sample one is 

from the most recently received and opened container. Sample two was 

from the container received and opened approximately eleven months 

earlier. Table 5.1 lists the results of this analysis. SiOg values 

were determined gravimetrically, the remaining assays by atomic absorp-
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Table 5.1 Whole Rock Analysis of Samples from Two Batches 
of Bentonite Ordered for This Sealing Study 

Sample 1 
of totals 

Sample 2 
(% of totals 

Si02 69.80 76.20 

A12°3 15.90 8.10 

CaO 0.21 0.40 

MgO 1,96 3.42 

K2O 1.06 0.84 

Na20 3.30 3.6 

Fe2°3 5.29 4.58 

Ti02 0.19 0.19 

P2°5 0.068 0.080 

MnO 0.12 0.14 

LiO 1.86 2.10 
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tiorx. The results suggest that the chemical and mineral composition of 

commercial bentonites, even when supplied under the same brand name, may 

vary significantly from batch to batch. Some of the difference in 

composition may be the result of alteration of minerals in the older 

sample. Nevertheless, differences in the quantities of major mineral 

assemblages suggest that any uniformity in sealing material components 

using commercial bentonites of the type reviewed in this study would 

require a compositional criterion other than brand name or commercial 

trademark. 

Most clay minerals are phyllosilicates or layer silicates (e.g. 

Mitchell, 1976, p. 27). They are composed of sheets of linked silica 

tetrahedra and of oxygen or hydroxyl octahedra (e.g. Grimm, 1968, p. 

51). How these sheets combine into layers is what distinguishes the 

major clay assemblages from each other. The layer configuration that 

identifies smectites is one octahedral sheet intercalated between two 

tetrahedral sheets, with each clay layer bounded by basal tetrahedral 

planes which combine to form a network of vacant hexagonal sites (e.g. 

Meyer and Howard, 1983, p. 15). A tetrahedral sheet consists of linked, 

oriented silica tetrahedra sharing three basal oxygens and with apical 

oxygens all pointed in the same direction. Octahedral sheets are 

composed of linked octahedral coordination groups in which divalent and 

trivalent cations are enclosed by an octahedral network of oxygen and 

hydroxides. Both octahedral and tetrahedral sheets allow some substitu

tion by cations of similar charge, as well as cations of similar size 

and different charges. This latter type of substitution produces a 

charge imbalance which is usually a deficiency in the positive charge in 
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the structure. Electroneutrality is replaced when cations are adsorbed 

onto the basal surface in interlayer sites. These interlayer cations 

help determine the significant properties of clay. 

The smectite family, which includes montmorillonite bentonites, 

allows a limited amount of solid substitution so that the excess 

negative charge is approximately .33 equivalents per unit cell. 

2+ 3+ 
Montmorillonites create this excess charge by substituting Mg for Al 

(Meyer and Howard, 1983, p. 16; Mitchell, 1976, p. 38). The engineering 

significance of these compositional characteristics is that the rela

tively low layer charge in smectites allow hydration and solvation of 

the interlayer cations and a reversible intracrystalline swelling 

created by the uptake of water. Critical to the ease and extent of the 

exchange and hydration is the type of interlayer cation involved. 

Interlayer Na is responsible for adsorbing many layers of water while Ca 

as the interlayer cation will only adsorb two layers of water molecules. 

Table 5.1 shows that the bentonite used in this study is a Na-rich 

clay, with Na values significantly higher than Ca values. The signifi

cance of the predominance of Na cations over Ca cations is not limited 

to the swelling characteristics of the clay. The clay's permeability is 

also influenced by the dissolved cations and the cations in the inter

layer sites. The thickness of the adsorbed water layers on the clay 

surface is a function of the size and valence of the adsorbed cations. 

The thickness of the double layer determines whether attractive forces 

or repulsive forces dominate. Attractive forces contribute to the 

formation of clay aggregates. Repulsive forces tend to create dis

persed, homogeneous mixtures. Clay aggregates are responsible for large 
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pore spaces with corresponding higher permeabilities. A homogeneous, 

dispersed clay has a smaller porosity and a lower permeability. 

Monovalent cations, such as Na , tend to form thicker double 

2+ 
layers and adsorb more water than polyvalent cations such as Ca (Meyer 

and Howard, 1983, pp. 40-41; Grim, 1968, p. 260; Van Olphen, 1977, Ch. 

7). Fluid flow is reduced near clay particles by the thicker double 

layer. Figure 5.1 shows that Na-saturated clays tend to have lower 

hydraulic conductivities than equivalent Ca-saturated clays. 

The presence of Na cations influences the plastic behavior of 

bentonites. Smectites with Na and Li as exchangable cations are able 

to adsorb large amounts of water before exhibiting plastic behavior and 

losing their strength. This is a result of the ability of smectites to 

disperse as fine particles which maximizes the amount of water adsorbed. 

This reduces the lubricating influence of water on the individual clay 

particles. Na as an interlayer or exchangable cation tends to maximize 

the dispersion of individual clay particles (Meyer and Howard, 1983, p. 

44). 

Other engineering properties of clay influenced by the chemical 

composition include shear strength, erodability and thermal characteris

tics , 

5.3 Constant Injection Hydraulic Conductivity Test 

5.3.1 Test Objectives 

Laboratory hydraulic conductivity testing using constant pressure 

water injection has as primary objective determining the influence of 

pipes penetrating the seal on the hydraulic conductivity of the benton-

ite seal. In-situ plug design, described in Section 4.3, uses stainless 
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steel 3.2 mm (1/8 inch) and 6.35 mm (1/4 inch) diameter pipes to inject 

and collect water during plug testing. The steel pipes penetrate the 

bentonite plugs through their entire length. An important criterion for 

determining the effectiveness of this in-situ testing system is an 

assessment of its impact on the plugs it is designed to test. The most 

significant effect of the pipes would be any change they induce in the 

hydraulic conductivity of the plugs. 

Constant injection testing also provides long-term information on 

the hydraulic conductivities of the plugs when they experience injection 

pressures similar to in-situ conditions. An in-depth assessment of the 

performance of bentonite plugs emplaced in the field and tested in-situ 

requires that the hydraulic conductivity of bentonite be isolated from 

the influence of the host rock and field environment. This value can 

then be used to judge the impact of emplacement methods and field 

experimental procedures on the hydraulic conductivity of the plugs. 

The hydraulic conductivity of bentonite is a function of a number 

of parameters. These include: 

(a) mineralogy of the bentonite; 

(b) mineral content of the clay; 

(c) clay fabric; 

(d) degree of compaction or consolidation of the clay; and 

(e) molding water content of the clay (Meyer and Howard, 1983, 

Section 2.1.1) 

In addition, the hydraulic gradient and the bonding between the 

seal and what holds it should affect the hydraulic conductivity. These 
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factors are more readily controlled and measured in the laboratory than 

in-situ. 

When bentonite seals are subjected to injection pressures, they 

can consolidate. Since any measurement of hydraulic conductivity under 

these conditions requires measuring flow through the plug, the test can 

function as a drained consolidation test with outflow a function of 

consolidation as well as of flow through the plug. If measurement of 

flow into the plugs is used, the propensity of bentonite to take up 

water must be considered. These processes are important in the analysis 

of hydraulic conductivity testing conducted on Na bentonites, 

5.3.2 Constant Injection Pressure Test Theory 

Several methods are used in standard laboratory practice to 

determine the hydraulic conductivity of soils and clays. These include 

the falling or variable head test, the constant head test and tests that 

use the rate of consolidation of the soil (e.g. Lambe and Whitman, 1979, 

p. 281). In soils engineering practice, hydraulic conductivity is 

frequently referred to as the "coefficient of permeability" or "perme

ability" (Lambe, 1950, p. 52). Lambe and Whitman (1979, Section 19.1) 

recommend the constant head test for determining the hydraulic conduc

tivity of low permeability, cohesive soils such as clays. The test is 

based on the empirical relationship between fluid flow velocity in soil 

and hydraulic gradient known as Darcy's law. Using the experimental 

apparatus shown in Figure 5.2, Darcy concluded that the rate of fluid 

flow, Q can be expressed as 

Q-KAih^-hJ/L (5-D 
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- hg is the difference in piezometric head across the sample of 

length L. Piezometric head describes the sum of pressure and poten

tial energies of the fluid per unit weight. K is the proportionality 

factor. 

Relation (5.1) assumes that the material can be considered a 

porous medium. Flow is laminar, with small flow velocities and water 

molecules traveling in smooth paths approximately parallel to the 

boundaries of the pore spaces. This type of flow is a function of the 

viscous forces acting on the fluid. As long as flow is laminar, the 

loss of head will vary linearly with the fluid velocity. Two types of 

flow may vary from these conditions. At high velocities, the inertial 

forces in the fluid begin to dominate, until the flow can be described 

as turbulent and head loss will vary exponentially with velocity. The 

ratio between viscous and inertial forces is expressed by the Reynolds 

number, ND: R 

NR-pvD/\L (5.2) 

where v is the velocity of flow, D is the characteristic dimension of 

the conduit. For granular material, D can be taken as the average 

particle size, D,.Q (e.g. Bouwer, 1978, p. 42), although sometimes is 

used (e.g. Bear, 1979, p. 64). p is the fluid density, and n is the 

viscosity of the fluid. The ratio of ii/p is the kinematic viscosity. 

Flow can be considered laminar as long as N„ is less than 2100 (Bouwer, 

1978, p. 42). However, turbulent flow has been detected at much lower 
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Reynolds numbers and Bear (1979) suggests that Darcy's law is valid for 

Reyonlds between numbers 1 and 10. 

The permeability of porous media can also be described by the 

Kozeny-Carman equation, proposed by Kozeny and improved by Carman: 

K  ( 5 ' 3 )  
K0Sp ^ <1 + e> 

where kQ is a factor depending on pore shape and ratio of the length of 

the actual flow path to the sample thickness, is the specific surface 

area, ji is the viscosity of the permeant, y is the unit weight of the 

permeant, and e is the void ratio. Lambe and Whitman (1979) recommend 

this equation for analysis of fluid flow because it takes into account 

not only the properties of the permeant but also the particle size and 

void ratio of the medium being tested. However, it does not account for 

the electrical layer forces acting in clays. 

The application of Darcy's law to fluid flow in bentonites is 

problematic. Nevertheless, standard current laboratory testing practice 

continues to use applications of Darcy's law in determining the hydrau

lic conductivity of clays (Holtz and Kovacs, 1981). Mitchell (1976, pp. 

349-351), after summarizing and reviewing the evidence, concludes that 

"...all other factors held constant, Darcy's law is valid." Pusch and 

associates repeatedly and forcefully state that Darcy's law is not valid 

for densily compacted bentonite (e.g. Pusch, 1979; Pusch et al., 1979; 

Pusch and Carlsson, 1985), and justify this conclusion by reporting 

results of the sensitivity of hydraulic conductivity to hydraulic 
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radient. There is no agreement on which test is most appropriate for 

low-permeability clays. Lambe and Whitman (1979, pp. 281-3) recommend 

the constant head test. Wlnterkorn and Fang (1975, p. 106) recommend 

the falling head test. Experience at the University of Arizona suggest 

that the falling head test using low pressure gradients is difficult to 

perform successfully on bentonites of the type used in this study 

(Sawyer and Daemen, 1987). 

Darcy's law can be written as 

Q-KiA (5.4) 

where i is the gradient of piezometric head. If V is the volume of 

water collected in time t, then Q - V/t. The value of the gradient i 

can be replaced by h/L where h is the head maintained over the test. 

Then 

K (5.5) 
Aht 

This equation is used to analyze constant pressure test results. 

5,3.3 Constant Injection Pressure Testing Equipment and Procedures 

Constant pressure testing of bentonite plugs is conducted in the 

laboratory using the apparatus illustrated in Figure 5.3. Nitrogen 

over water maintains a constant head over the clay samples. The plugs 

were built over columns of sand, each 1000 cc in volume and saturated 

before the clay was added. 1.25 cm (1/2-Inch) diameter American 

Colloid Volclay bentonite tablets were used to seal the tubes. Each 
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plug was constructed by dropping 200 tablets through 800 ml of water 

standing above the sand column. Tubes 2 and 3 include 3.14 cm (1/8-

inch) diameter stainless steel pipe sealed at the top and bottom. The 

clay plugs for 2 and 3 were built around these steel pipes. The plugs 

were allowed to saturate and swell for 14 days before the tubes were 

sealed and testing was begun. The PVC tubes have a diameter of 10 cm 

(4 inches) and are 30 cm (12 inches) long. The PVC caps used to seal 

them are 6.25 cm (2 1/2 inches) high. All fittings and tubing for 

pressure injection and drainage are 6.25 mm (1/4 inch). 

The tubes were capped and sealed after plug construction was 

completed. Unfortunately, this apparatus requires that tubes and seals 

be pressurized after plug construction as tube capping is accomplished 

using epoxy. This means that the plugs experience some pressure and 

movement while the tubes are tested. Pressure testing was done to a 

maximum of 620 kPa (90 psi) over a period of 24 hours, while allowing 

no drainage. In this way, once the pressure slug was induced into the 

tube and isolated from its source, all decay was either through the 

plug or as a result of leaks. Several leaks were found and the tubes 

were resealed. 

Water is provided with two reservoirs mounted above the appara

tus. A scale on the smaller diameter reservoir allows calculation of 

total flow into all four tubes. 5 ml capacity pipettes collect any 

outflow. Procedure requires taking readings every 24 hours or less. 

Initial injection pressure was set at 34 kPa (5 psi). The 

injection pressure was raised 69 kPa (10 psi) after 3 months of essen

tially no-flow conditions in all four tubes suggested that a higher 
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pressure gradient might be needed to induce measurable flow. This is 

discussed in Section 6.2. 

Nitrogen over water provides the injection pressure. Nitrogen is 

soluble in water, and the solubility is a function of pressure and 

temperature. Care must be taken to avoid introducing nitrogen into the 

plugs. Distilled water is used. The sand columns were saturated and 

the plugs constructed with distilled water. Testing takes place 

in a laboratory environment, with monitored daily temperature varia

tions of less than 2 to 3 degrees celsius. 

5.4 Consolidation Testing 

5.4.1 Introduction 

Consolidation testing of bentonite plugs in the laboratory has 

the primary goal of determining the significance of consolidation on 

hydraulic conductivity measurements. In-situ performance testing of 

bentonite plugs involves subjecting those plugs to injection pressures 

over extended periods of time. Flow through the plugs is collected 

downstream from each plug. The plugs can drain if they consolidate 

under injection pressure. Hydraulic conductivity values are derived 

from the collected outflow. Part of this outflow may be the result of 

plug consolidation and not strictly of flow through the plugs. 

An important issue in a performance assessment of bentonite seals 

is the volume stability of the seals over time. Once the plugs have 

been emplaced in a field environment, this stability is difficult to 

estimate. Laboratory testing can provide information necessary to 

estimate the condition of the in-situ plugs. If the bentonite consoli

dates under injection pressures, there will be a corresponding plug 
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volume reduction. In the case of the plugs at the Cargodera Canyon 

study area, consolidation may involve separation of the plugs from the 

surrounding sand columns. This additional void space on the upstream 

side of each plug would alter the dimensions of the injection reservoir 

and Its holding capacity. 

When bentonite consolidates, its void ratio decreases. Total 

pore spaces available for fluid flow are reduced and there should be a 

corresponding decrease in hydraulic conductivity. This may be more than 

offset by ongoing saturation of the plugs, which is examined in the 

next section. There is evidence that the effect of consolidation on 

void ratio is not the same over the length of the plug (Hamilton and 

Crawford, 1959). Results from this study indicate that the same is 

true of saturation. Bentonite plugs, then, may develop significant 

non-uniformity in water content and in degree of compaction as a result 

of processes induced by the injection pressures. 

Consolidation may also affect the strength of the plug. Decreas

ing void ratios are associated with increases in effective stress as 

the actual skeleton of the plug experiences a larger portion of the 

load applied (Lambe and Whitman, 1979, Ch. 21,28). This increase in 

effective stress is usually associated with an increase in strength 

(Lambe and Whitman, 1979, Ch. 21,28). 

5.4.2 Consolidation Test Theory 

One-dimensional hydraulic consolidation of soils is described by: 
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± (i£-l> J* [4<eL] |£+ 3 ] + 3|.0 (5.6) 
Y de l+e dz dz y(l+e) de dz dt 

where z is the one-dimensional material coordinate, e is the void 

ratio, K(e) is the function relating permeability to void ratio, o' is 

effective stress, and y and ta are the unit weights of fluid and solid 

(Gibson et al., 1967). The first term in this equation represents the 

contribution of the weight of the material to its own consolidation. 

This term can be neglected for laboratory testing of representative 

samples (Znidarcic, 1982; Gibson, 1967). The governing equation then 

becomes 

3 r K ( e )  d a '  d e ,  d e _ Q  ( 5 - 7 )  
d z  v ( l + e )  d e  d t  

Two fundamental properties included in this equation determine the rate 

of consolidation. The hydraulic conductivity K(e) determines the rate 

at which fluid can move through the sample and therefore the rate at 

which the sample can drain while loaded. The second factor is the 

compressibility of the soil skeleton. Consolidation is analyzed by 

determining these two material properties with laboratory testing. 

Traditionally, the void ratio-effective stress relation and the 

hydraulic conductivity as a function of void ratio are determined by 

oedometer testing. The sample is loaded incrementally and the sample 

deformation is monitored. After each load increment, the hydraulic 

conductivity is measured using a constant or falling head test. The 

procedure is time consuming under ordinary conditions, and when testing 
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bentonite clays the time involved may exceed practical laboratory 

limits. In addition, hydraulic conductivity testing imposes a pressure 

gradient across the sample which continues the consolidation process, 

making hydraulic conductivity measurements questionable (Znidarcic, 

1982). 

Other tests to estimate soil consolidation include: 

(a) step loading test, 

(b) constant rate of deformation; 

(c) controlled gradient test; 

(d) constant rate of loading test; 

(e) seepage test, and 

(f) relaxation test. 

All tests available today involve initiating consolidation and 

then attempting to back-calculate the material coefficients of the 

governing equation (Znidarcic, 1982). The methods to solve this 

inversion problem involve some approximation (Lambe and Whitman, 1979, 

p. 411). Most test procedures, and all the common tests used commer

cially, utilize Terzaghi's theory of one-dimensional consolidation 

(Winterkorn and Fang, 1975, p. 112). The test procedures developed 

from this theory assume that over a reasonable testing time the excess 

pore pressures induced by loading dissipate (Lambe and Whitman, 1979, 

p. 423; Holtz and Kovacs, 1981, p. 291). The rate of dissipation is a 

function of permeability. Terzaghi states that "changes in water 

content due to changes in the state of stress take place very slowly, 

because the low permeability of the soil does not permit a rapid 

transfer of water from one part of the soil mass to another" (Terzaghi, 
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1942, p. 265). For clays that are, for engineering purposes, essen

tially impermeable, this process is too slow to measure. 

Test results, discussed in Section 6.3, bear out what theory 

predicts with respect to the clays under study. Long-term consolida

tion remains constant which makes various curve-fitting approximation 

solutions ineffectual. 

The test apparatus and procedures for consolidation testing are 

designed to provide long-term testing at pressures that approximate the 

injection pressures at Cargodera Canyon, Oedometer type devices were 

not employed for the reasons already discussed and because they employ 

continuous saturation reservoirs that can induce swelling in Na benton-

ites. Oedometers are also designed to reduce any friction the sample 

might experience as it undergoes a volume change. The smooth tubing 

used for testing in this study was tested for sample-wall friction by 

performing a push-out test on one of the plugs tested. The results of 

this test are reported in Section 6.3. 

5.4.3 Consolidation Test Equipment and Procedures 

Consolidation testing of bentonite plugs is accomplished using 

the apparatus illustrated in Figure 5.4. Nitrogen is the source of 

consolidation pressure. The system is similar to the apparatus used in 

constant pressure testing, described in Section 5.3.3. No reservoir is 

required and compressed gas flows directly into tubes 5-8. Tube 

dimensions are identical with those described for constant pressure 

testing. Plug construction used the same specifications except that 

saturation was allowed to continue for 16 days until no standing water 

remained above the bentonite plugs. Pressure testing of the tubes 
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after plug construction was performed using pressures less than 34 kPa 

(5 psi) and soap solutions at sealing edges to identify leaks. Special 

care was taken not to preconsolidate the plugs by draining them into 

imperfectly saturated sand with test pressures. Once plugs are con

structed, they begin drawing water from the sand, and back pressure 

saturation must be continued until testing is initiated. 

Collection of outflow was accomplished with four 25-ml capacity 

pipettes. An effort was made to estimate the height of each plug above 

the sand column. Irregular plug surfaces made this difficult. A 

reference point at the top of each plug was marked and its position 

measured periodically to monitor changes in the volume of the plugs. 

Consolidation pressure was initially set at 34 kPa (5 psi). At 

that time 5 ml-capacity pipettes were used to collect outflow. Initial 

consolidation and pore pressure equilibration resulted in an almost 

instantaneous flow greater than the capacity of the pipettes. The test 

was stopped and the pipettes were replaced by 25 ml-capacity pipettes. 

When testing resumed, a consolidation pressure of 69 kPa 

(10 psi) was used as the clay plugs had already experienced a 34 kPa (5 

psi) stress. Later, pressure was increased to 138 and then to 207 kPa 

(20 and 30 psi). Each time a new pressure is used, careful early time 

measurements are made. Readings of outflow are taken at 30 seconds, 

one minute, two minutes, four minutes, eight minutes and at similar 

intervals for the first two hours of consolidation under a new pres

sure. 

Consolidating with nitrogen dehydrated the surface of the plugs. 

After several weeks of testing, small cracks appeared in the surface of 
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the plugs. Thes cracks deepened over time. The deepest cracks were 

wedge-shaped and approximately 2 cm (3/4 inch) deep. When testing at a 

certain pressure was completed, pressure was removed from the system. 

The fittings at the top of each tube were loosened and approximately 90 

ml of water was added. After 24 hours, no standing water could be 

observed above any of the plugs, and the cracks had healed. The tubes 

were then closed and testing resumed. 

Distilled water is used for plug construction and each time plugs 

are allowed to heal. Testing takes place in a laboratory with tempera

ture variations limited to approximately 2 to 3 degrees celsius. 

5.5 Swelling Rate/Moisture Content Testing 

5.5.1 Introduction 

Laboratory swelling rate and moisture content testing of benton-

ite plugs has as primary objective determining the effects of these 

factors on the measurement of hydraulic conductivity. In-situ testing 

of bentonite plugs at Cargodera Canyon involves injecting water under 

pressure into plugs over an extended period of time. Plug design 

incorporates a system for collecting the outflow. Preliminary field 

results, reported in Section 4.7, suggest that high inflows and low or 

no outflows may characterize the system for much of its testing histo

ry. If the high inflows are not a result of plug intake, they may 

indicate a failure in the plug system or the presence of fractures or 

damaged zones acting as conduits in the rock surrounding the plugs and 

injection interval. 

Moisture content is related to permeability in most soils as a 

function of void ratio (e.g. Larabe and Whitman, 1979, Section 19.3). 
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Higher moisture contents are associated with higher hydraulic conduc

tivities . Though this relationship may hold for bentonite clays where 

sodium is the predominant exchangable cation, the ability of the clay 

to take up and hold water makes meaningful hydraulic conductivity 

measurements difficult. Simply achieving sample saturation presents 

many problems (Lowe and Johnson, I960; Black and Lee, 1973; Brand, 

1975). This is significant because all Darcian flow models assume 

saturation. 

The ability of sodium bentonites to adsorb water and to swell can 

have several consequences on hydraulic conductivity of seals. Plugs 

that are allowed to swell freely in one direction may become more 

permeable through part of their volume. At the same time, swelling 

pressures 

induced at the confinement surfaces may reduce permeability along 

interface surfaces. Plugs that are completely confined, such as the 

ones tested at Cargodera Canyon, may exert swelling pressures against 

all confining surfaces. This may result in an overall decrease in 

hydraulic conductivity of the seal system over time, but could also 

result in an increased conductivity, especially if swelling opens up 

unfavorably oriented fractures in the rock, 

5,5.2 Swelling Rate/Moisture Content Test Theory 

The moisture content of a clay sample is the ratio of the weight 

of the water in the sample to the weight of the clay solids. The 

degree of saturation is the ratio of the volume of water in the clay to 

the volume of voids available. Both ratios are expressed as a percent. 
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The swelling rate of clay can be described in a number of ways. Free 

swell is defined as 

final volume - initial volume -
initial volume x 

and is expressed as a percent. It is determined by dropping dry clay 

into a graduated cylinder filled with water and observing the equilib

rium swelled volume (e.g. Holtz and Gibbs, 1956; Winterkorn and Fang, 

1975, p. 90). Sodium bentonites have measured free-swell values as 

great as 1200% with this type of test (Holtz and Kovacs, 1981, p. 

189).The swell index, Cs, is defined as -Ae/Alogov where Ae is the 

change in void ratio, and Ao„ is the change in effective stress 

applied to the sample. It is usually measured after unloading a sample 

in confined compression (Lambe and Whitman, 1979, p. 321). If clays 

are subjected to repeated loading and unloading, the swell index and 

the compression index will approximately equal each other (Mitchell, 

1976, p. 253; Lambe and Whitman, 1979, p. 321). The compression index 

has the same form as the swell index without the negative sign. Lambe 

and Whitman (1979, p. 322) give Cg values for a sodium montmorillonite 

of 9 when unloaded from 1000 to 100 kPa and 17 when unloaded from 100 

to 10 kPa. 

Swelling percentage is the amount of vertical swell of heave 

obtained when the clay is wetted at a nominal pressure, usually 6.9 kPa 

(1 psi). It is expressed as a percentage of the initial sample thick

ness (Hilf, 1975, p. 305). The testing procedure uses pressures 

associated with in-situ testing of bentonites to determine swelling 

percentages relevant to plug performance testing. 
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Researchers have related the swelling performance of clays to 

index values or reference values that can be reliably determined in the 

laboratory (Holtz and Gibbs, 1956; Ladd and Lambe, 1961; Kantey and 

Brink, 1962 - all quoted by Hilf, 1975, p. 305). Methods of identify

ing and classifying swelling clays are reviewed by Kassiff et al. 

(1969, Ch. 3). They conclude that shrinkage limit, liquid limit, 

plasticity index and free swell tests are useful, when used in combina

tion, to predict swell behavior. 

5.5.3 Swelling Rate/Moisture Content Testing Equipment and Procedures 

Swelling rate and moisture content testing of bentonite plugs is 

performed using the apparatus illustrated in Figure 5.5. Water is 

injected under low pressure into tubes 9 through 12 using a nitrogen 

over water system. The effectiveness of this system depends upon 

nitrogen's solubility in water under given temperatures and pressures. 

Tube dimensions and sealing specifications are identical to those 

described for tubes 1 through 8 in the preceding sections of this 

chapter. Plug construction proceeded as for tubes 1 through 8. Plugs 

saturated and swelled for 14 days before the tubes were sealed and 

testing was initiated. Preliminary tube test pressures were low to 

avoid forcing water into the plugs before inflow could be monitored. 

Distilled water is used for plug construction and injection. 

Temperature is controlled as in the tests already described. As in the 

consolidation test, volume change is monitored with a reference height 

marked on the outside of each tube. Injection pressure was initially 

set at 34 kPa (5 psi) and later was increased to 69 kPa (10 psi). 
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5.6 Reference Testing 

5.6.1 Introduction 

Laboratory reference testing of the bentonite clays used for 

in-situ sealing has as its objective determining the significant water 

content values that determine the engineering properties of this clay. 

Water content is a critical factor in the stress-strain behavior of 

clay (Meyer and Howard, 1983, p. 42), The water content at which a 

clay is compacted influences the hydraulic conductivity of the seal 

(Meyer and Howard, 1983, p. 38; Holtz and Kovacs, 1981, p. 118). 

Three types of tests were performed. The liquid limit test 

determines approximately the minimum water content at which the clay 

behaves as a liquid, that is, flows as a liquid and exhibits little 

shear strength (Lambe and Whitman, 1979, p. 33). The plastic limit 

test determines approximately the lower bounds of water content at 

which the clay behaves plastically (Holtz and Kovacs, 1981, p. 34). 

The moisture/density compaction test predicts the optimum water content 

that corresponds to the maximum degree of compaction (Meyer and Howard, 

1983, p. 38). 

5.6.2 Liquid Limit Tests 

The liquid limit has been determined for American Colloid 1.25 cm 

(1/2 inch) diameter Volclay bentonite tablets using the ASTM D 423-66 

test procedures and equipment, with one important modification. The 

procedural modification overcomes one of the basic objections raised by 

Holtz and Kovacs (1982, p. 38) to the standard ASTM test procedure. 

The procedure calls for mixing bentonite with distilled water and 

testing the resulting bentonite paste. The objective of the testing 
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associated with this study is to determine reference values relevant to 

the plugs emplaced and tested at Cargodera Canyon. An effort was made 

in all testing to use clay produced in a manner similar to in-situ seal 

construction. Reference testing clay was produced by dropping tablets 

through the amount of water required for a given moisture content. The 

containers of clay and water were then sealed and left untested for 14 

days. At that time the clays were inspected for homogeneity. Clays at 

higher water contents, greater than 200 percent, required some mixing 

to move the unadsorbed water into contact with all the clay. The mixed 

clays mixed were then resealed and left untested for 7 more days. 

Liquid limit testing uses bentonite clay paste prepared at 

different moisture contents. A sample is prepared by placing it in the 

brass dish of the liquid limit device. A groove is cut in the paste 

using a grooving tool. The depth of the sample in the cup in the paste 

should be approximately 1 cm. The brass dish is then raised and 

dropped using the liquid limit testing device. The dish is dropped 1 

cm at a rate of 2 drops per second until the bottom of the groove 

closes along a distance of 1,25 cm (1/2 inch). The number of drops 

required for closure at each moisture content is recorded. 

5.6.3 Plastic Limit Test 

Plastic limit testing was performed on the American Colloid 1.25 

cm (1/2 inch) diameter Volclay bentonite tablets using procedures 

conforming to the ASTM D 424-59 standard, with the important modifica

tion in sample preparation described in Section 5.6.2. An 8 gram 

sample is formed into an ellipsoidal mass. It is rolled on a ground 

glass plate using fingers to apply pressure and rolling at a rate of 80 
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to 90 strokes per minute. When the diameter of the thread becomes 3 mm 

(1/8 inch), it is broken into 6 to 8 pieces, reshaped into an ellipsoi

dal mass, and rerolled. This procedure is repeated until the thread 

can no longer be formed as the soil crumbles under pressure. The clay 

is weighed and the water content determined by oven drying the sample 

for three days at 110°C, 

5.6.4 Harvard Miniature Compaction Test 

Moisture density testing was performed on American Colloid 

1/2 inch diameter Volclay bentonite tablets using a Harvard Miniature 

Mold (Wilson, 1970) and an energy input equivalent to the ASTM Standard 

Proctor Test (ASTM D698-78). 

Three phases are present in an unsaturated clay: solid, liquid 

and gas. When the clay is reduced in volume without permitting drain

age, the gas phase is expelled. The void ratio decreases. The degree 

of saturation increases as the ratio of volume of water to the volume 

of voids is greater. The volume of water in the clay is constant 

throughout the test. The strength, permeability and swelling charac

teristics of the clay are affected by the compaction method, by the 

compaction effort, and by the moisture content of the specimen at the 

time of compaction. The moisture density relation established by the 

compaction curve describes these relationships. 

The test procedure determines these relationships using a Harvard 

Miniature Compaction Mold and fabricated hammer as described by Sawyer 

and Daemen (1987). Samples with different moisture contents were 

prepared as described in Section 5.6.2. Six moisture contents were 

tested. Compaction effort conforms to the effort specified in the 
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Standard Proctor Test (ASTM D 698-78). Five clay layers, with fifteen 

blows per layer, are used to achieve compaction. After compaction for 

each sample, dry density is determined . 

5.7 Transient Hydraulic Conductivity Testinp 

5.7.1 Introduction 

The primary objective of laboratory transient pulse testing is to 

determine the hydraulic conductivity of the bentonite plugs. Standard 

techniques for determining the hydraulic conductivity of low permeabil

ity materials are difficult or impractical. They involve long-term 

injection to achieve steady-state flow. Achieving steady state flow . 

and measuring very small flow rates can make the values derived from 

these tests problematic. The constant injection test analysis in 

Section 6.2 illustrates some of these problems. Hsieh et al. (1981) 

review various transient pulse testing and analysis methods. They 

present a general solution and develop equations for limiting cases. 

This phase of laboratory testing attempts to employ the methods and 

analysis they present to determine hydraulic conductivity values for 

the clay used in-situ as a borehole seal. 

5.7.2 Transient Hydraulic Conductivity Analysis 

Transient pulse testing uses an experimental arrangement illus

trated in Figure 5.6. The sample tested links two fluid reservoirs. 

At the start of the experiment, the fluid pressure in the upstream 

reservoir is suddenly increased. Pressure decay in the upstream 

reservoir is monitored as is the pressure build-up of the downstream 

reservoir. Brace et al. (1968) developed a method for analyzing the 

upstream decay to calculate the hydraulic conductivity of the sample. 
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The method assumes no compressive storage in the sample. This assump

tion may be approximately true for crystalline rock, but is a poor one 

for shales, argillites and especially clays. Lin (1977) developed a 

model that accounts for compressive storage. However, the solution 

requires that the specific storage of the sample be determined from 

laboratory testing for porosity and bulk compressibility. The solution 

by Hsieh et al. (1981) accounts for specific storage without requiring 

that it be known. 

Hsieh et al. (1981) use a mathematical model developed by Brace et 

al. (1968). The equation describing one-dimensional flow of a slightly 

compressible fluid in a saturated porous media where hydraulic conduc

tivity, K, and specific storage, S , are constant is 
s 

SPh , Sgdh (5  8)  

dx2 Kdt 

where h is the hydraulic head, x is the distance along the sample, 

x - 0 is the downstream face, x - L is the upstream face, and t is the 

time from the start of the experiment. At the start of the experiment, 

hydraulic head distribution is uniform and 0 

h(x,0) - 0 for 0 < x < L (5,9) 

The upstream and downstream faces of the sample are in direct 

contact with the respective reservoirs and this is described by 

h(0,t) - h.(t) for t > 0 (5.10) 
a 

h(L,t) - hu(t) for t > 0 (5.11) 

where h^ is the hydraulic head in the downstream reservoir and h^ is 

the hydraulic head upstream. 
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Conservation of mass at the sample reservoir interfaces is ex

pressed by 

Sd dhd 

KA dt 
"° foz t>0 (5.12) 

and 

•g» , dh, _n 

KA dt dx X 'L 
for t > 0  (5.13) 

where is compressive storage of the downstream reservoir, is 

compressive storage of the upstream reservoir. At the start of the 

test, hydraulic head in the downstream reservoir equals the head in the 

sample: 

hd(0) - 0 (5.14) 

A hydraulic head increase H is applied at the start of the test 

to the upstream reservoir 

hu(0) - H (5.15) 

The analytical solution to this problem uses the dimensionless 

time variable 
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a — ( 5 . 1 6 )  
L Sg 

and the dimensionless parameters 

Q- SbAL (5.17) 

Y-— (5-18) 
S„ 

where A is the cross-sectional area of the sample. 

The solution, presented by Hsieh et al. (1981) for the decay of 

hydraulic head in the upstream reservoir is 

K _ 1 2A exp (-«<!>„) (P'*-Y2<t?fli/P) 
H l + p+Y x2 

" "  ( y 2 P + Y 2 + Y + P )  - t t +  ( P 2 + Y P + P )  ]  

P 2  P  

(5.19) 

where <J>m are roots of 

TAN* " (5.20) 

P  

Build-up in the downstream reservoir is described by 
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hd_ 1 , exp(-tt<t>2
w) (P+Y2<l>a/P) 

H 1  + P+ Y  2-* i 4  .2 
[y2~p !+  <y2P +y2+y+P )  ~ ^ +  ( P 2+yP + P )  ]  cos<bm 

(5.21) 

An approximate "early time" solution when a is small is given by 

hjH - exp (ap2) erfc(ap2)1 /2  (5,22) 

An approximate solution for large time, i.e. large a is 

1 , 2exp(-«(fri) ( P + Y 24>i/P )  

H 1+p+Y+  A4  A2  

[ y 2_i+(Y
2p+Y2+Y +  P >  - ^ + ( P 2 + Y P + P > 3  

(5.23) 

for the upstream reservoir and 

hd i  2exp ( - a t j > i )  ( P + Y < i > i / P >  

H 1+p+Y <h4  A2  

[ y 2  — i +  ( Y 2 P + Y 2 + Y  +  P >  i r +  ( P 2 + Y P  +  P )  I c o s c ^  

P"1 P 

(5.24) 
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where <|>i is the first root of equation (5.20). 

Another important limiting case is when y-0 , as the downstream 

face of the sample is essentially impermeable. This is described by 

1 exp(-«<!>„) (5.25) 
" 1+P h. 4>S/p+p<-i 

where d are roots of 
m 

tan<f> - -<(>/p (5.26) 

5.7.3 Transient Hydraulic Conductivity Testing Equipment and 
Procedures 

Transient hydraulic conductivity testing of American Colloid 

1.25 cm (1/2 inch) diameter Volclay bentonite tablets is performed 

using the apparatus illustrated in Figure 5.6. The 2.5 cm (one-inch) 

long clay plug is contained between two sand columns in a 1.25 cm 

(1/2 inch) I.D. steel pipe. Pressure is induced in the upper reservoir 

using a nitrogen-over-water system, the water reservoir being the small 

free space at the top of the upper sand column. Upper reservoir 

pressure is monitored by a Dynisco 34 kPa (5 psi) transducer mounted on 

the injection line. Downstream reservoir pressure is monitored by an 

identical transducer mounted directly to the bottom cap of the steel 

pipe. A valve between the nitrogen source and the upper reservoir 

allows the isolation of a pressure pulse in the test apparatus. The 

transducers are connected to a multi-channel data-logger. The data
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logger converts the transducer signals for the Apple II-E microproces

sor which outputs the reservoir pressures at 10 to 20 minute intervals. 

Plug construction is accomplished with clay of a given moisture 

content. The clay is prepared as described in Section 5.6.1. The clay 

is taken from the container and placed in a mold with a 1,25 cm (1/2 

inch) thickness and a diameter equal to the diameter of the steel pipe 

used for testing. Excess clay is removed from the mold and the clay is 

extruded as gently as possible and placed in the pipe above the bottom 

sand layer. This procedure is repeated to form a plug 2.5 cm (1 inch) 

long. An effort is made to avoid kneading or compacting the plug in 

any way. Some smearing is involved in assuring a tight fit between the 

plug and the steel pipe. Once the entire plug assembly is complete, 

the fittings in the caps of the pipe are plugged and the apparatus is 

left for three days to a week. This allows the plug to draw water from 

the sand and swell against the sides of the pipe, forming an effective 

seal. When testing is completed, the plug is removed and a portion is 

weighed and oven-dried to determine the moisture content of the tested 

sample. 

The configuration of the upper and lower reservoir is designed to 

approximate optimum test design as described by Hsieh et al. (1981). 

The actual ratio of downstream to upstream reservoir in this test 

set-up is 0.87. This is the ratio of water volumes, not total volume, 

since the actual ratio is based on the compressibility of water and 

sand is assumed to be incompressible. Hsieh et al. (1981) also recom

mend a ratio of 1 to 10 and 10 to 1 for a test to determine the specif

ic storage of the sample. For this study, a separate pipe was prepared 
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with reservoir volumes equal to the ratios recommended by Hsieh. Plug 

construction in this pipe is accomplished using the same procedures 

already described. 

5.8 Saturation Test 

5.8.1 Introduction 

The significance of degree of saturation to the hydraulic conduc

tivity of bentonite plugs has been discussed previously in the context 

of both field and laboratory investigations. Degree of saturation also 

influences the compressibility of a clay (Lambe and Whitman, 1979, 

Section 28.6). Lambe and Whitman (1979, pp. 313-332) suggest that for 

sodium montmorillonites at low confining pressures, void ratios of more 

than 25 can exist. For a saturated clay, this would correspond to a 

moisture content of 900%. At high confining pressures, void ratios can 

be as low as .2 with a corresponding moisture content of 7%. The 

relationship of void ratio to water content to degree of saturation is 

also important in determining the volume stability of bentonite clays 

(Meyer and Howard, 1983, Section 2.1.3.1). 

The objective of saturation testing is to determine the relation

ship of moisture content to degree of saturation at the low pressures 

experienced by clay seals when tested in situ at Cargodera Canyon. In 

this way, the moisture content of the clay as it approaches 100% 

saturation can be predicted. 

5.8.2 Theory 

The behavior of a clay sample when subjected to stress will be 

controlled by the effective stress the clay experiences (Lambe and 
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Whitman, 1979, Chapter 16). Effective stress a" is defined as the total 

stress s minus the pore water pressure p: 

o  -  o - p  (5.27) 

For a partially saturated clay, this can be rewritten as 

o - a- U* (5.28) 

where u* is the equivalent pore pressure and is equal to 

U*-Uaaa+U^Stw (5.29) 

where u^ is the pore pressure carried by gas; aw is defined as the 

water surface area of an element divided by the total surface area of 

that element and ag is the air surface area divided by the total area 

of that element (Lambe and Whitman, 1979, Section 16.3). In a saturat

ed soil a is zero and equation (5,30) reduces to 
& 

u* - u a (5.30) 
ww v 

where a^ varies between 0.97 and 1.00 and, therefore, approximates 

u* - p (5.31) 

The effective stress equation can be rewritten as 



a-a-ua+aw(ua-uw) 
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(5.32) 

since ag + aw is approximately equal to 1. If aw is allowed to equal 

approximately 1, then the pore pressure can be expressed as 

Uw-o-~o-Ua  (5.33) 

When a clay sample is loaded axially with no drainage permitted, 

the stress applied is experienced to a large degree by the fluids in 

the clay (Lambe and Whitman, 1979, p. 296). The ratio of pore pressure 

build-up to total stress applied is defined as the pore pressure 

parameter C. Lambe and Whitman (1979, Section 2.6.1) discuss this pore 

pressure parameter in relationship to an undrained oedometer test on a 

saturated soil. Figure 26.3 of Lambe and Whitman (1979, p. 393) shows 

the idealized result, with C as a straight line slope between applied 

load and pore pressure build-up. The slope of this line is approxi

mately 45 degrees and the ratio is approximately one. In this type of 

test, the effective stress experienced by the clay solids is approxi

mately zero. Then Uff — s. However, if the soil is not saturated, then 

uw - s - uaaa anc* t^ie Pore pressure parameter will be less than one. 

The closer the clay is to being saturated, the closer the value of C 

will be to unity. 

5.8.3 Saturation Test Equipment and Procedures 

Saturation testing of American Colloid 1.25 cm (1/2 inch) diame

ter Volclay bentonite tablets is accomplished using the same equipment 

and procedures as described in Section 5.7.3, with one exception: the 
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pressure induced in the upper reservoir is kept constant over the 

duration of the test and the pressure build-up in the downstream 

reservoir is monitored. 

5.9 Large-Scale Transient Testing 

5.9.1 Introduction 

The laboratory hydraulic conductivity testing portion of this 

study uses clay plugs with diameters smaller than the seals tested 

in-situ at Cargodera Canyon. The transient pulse test described in 

Section 5.7 is performed on samples with a diameter of 3.8 cm (1.5 

inches) and a thickness of approximately 2.5 cm (1 inch). The objec

tive of the large-scale transient pulse test is to determine the 

hydraulic conductivity and specific storage coefficient for a plug with 

dimensions similar to the plugs tested in the field. This provides 

some comparison with respect to the influence of scale on this type of 

testing. Conditions of testing more realistically approximate in-situ 

test environments without the influence of host rock characteristics. 

In addition, the large-scale test is conducted with higher pressures. 

The influence of test pressures on results can be estimated by compar

ing the hydraulic conductivities calculated for different scales of 

testing. 

5.9.2 Large-Scale Transient Test Theory 

The theory of transient pulse testing of laboratory samples is 

discussed in Section 5.7.2. 

5.9.3 Large-Scale Transient Testing Equipment and Procedures 

Large-scale transient plug testing of American Colloid 1.25 cm 

(1/2 inch) diameter Volclay bentonite tablets is accomplished using the 
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reservoir-plug configuration shown in Figure 5.7. The inside diameter 

of the steel pipe is 15 cm (6 inches). A total of 16,120 cm^ (.59 ft^) 

of sand was used to create a lower interval approximately 90 cm (36 

inches) high. It was poured in two layers to allow emplacement of the 

lower reservoir pressure monitoring apparatus. This apparatus includes 

a 6 mm (1/4 inch) copper tube coiled and perforated as described in 

Section 4.3. The copper coil is connected to the top of the pipe by 6 

mm (1/4 inch) stainless steel tubing. The bentonite plugs were formed 

by dropping 800 bentonite tablets through 90 cm (3 feet) of water 

standing above the sand. After 7 days, a plug 12.5 cm (5 inches) long 

had formed. The aspect ratio of this plug with respect to diameter and 

length is .83. The aspect ratio of plugs tested at Cargodera Canyon is 

.92. 

Testing is accomplished using a nitrogen-over-water system. 

Pressure is introduced directly into the upper reservoir or into the 

lower reservoir via the copper coil. Pressure decay in either reser

voir is monitored using a 345 kPa (50 psi) Dynisco transducer and the 

strip chart recorder described in Section 3,5.3. The ratio of down

stream water volume to upstream water volume is .1. Testing is per

formed at night to minimize the influence of temperature. 

5.10 Plug Prototype Study 

One of the difficulties associated with in-situ testing of a 

material as complex in its behavior as bentonite is the necessity of 

inferring behavior from simple mass-balance measurements. The plug 

prototype was designed to overcome this difficulty by simulating field 
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Figure 5.7 Large scale transient pulse test apparatus. 
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dimensions and conditions while allowing a visual inspection of changes 

in the plugs over an extended time of testing. 

Figure 5.8 is a schematic of the plug prototype and apparatus 

used for testing. The test column is constructed in a clear plastic 

tube with an inner diameter of 15 cm (6 inches). The dimensions of the 

sand and clay intervals are similar to the ones used in plug construc

tion in borehole CCR/C-1 at Cargodera Canyon. The testing system 

utilizes nitrogen over water to inject into either sand interval. An 

injection/collection assembly that duplicates the system used in 

in-situ testing connects the two sand intervals with the test appara

tus . 

Plug construction in the prototype used the same procedures as in 

the field except that both plugs were constructed in three separate 

steps, dropping 300, then 400, and finally 300 tablets through water 

with a week between each drop. 



A«l a  » »  
T  r  i r  Gouge 

Cement 

Cloy 

CM 

Sand 

Clay 

PVC Pipe Water Reservoir 

Sand 

Cement 

Figure 5.8 Laboratory prototype for field bentonite plug simulation 
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213 

CHAPTER SIX 

RESULTS AND ANALYSIS OF LABORATORY TESTING 
OF BENTONITE BOREHOLE PLUGS 

6.1 Introduction 

The primary objective of this laboratory testing is to determine 

engineering properties of the bentonite clay used for field testing at 

Cargodera Canyon. The results and analyses in this chapter bear 

directly on the performance assessment of the plugs tested in situ. 

The hydraulic conductivity of bentonite seals and seal rock 

interfaces is the critical concern in field testing. Determining an 

"ideal" (laboratory) performance against which real (field) performance 

can be measured requires hydraulic conductivity values established in 

controlled laboratory tests. 

Two processes that affect the hydraulic conductivity of seals are 

consolidation and swelling. Both are difficult to assess in the field 

when the only measurements available are flow rates. Both processes can 

be quantified in the laboratory as a function of time and pressure as 

well as volume change. Once determined, these rate values can be used 

to adjust field flow measurements to reflect probable actual flow 

through the seal and seal-rock interface. 

A comprehensive performance assessment of clay seals must judge 

the effectiveness of the emplacement method. The moisture content of 

the clay when emplaced, the degrees of compaction and saturation, and 

the volume and pressure of the water available for plug intake are among 

the variables that need to be selected. To make these decisions, the 
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essential reference characteristics of the material must be known. They 

must be determined over a range of conditions similar to those experi

enced in the field. 

In-situ testing of bentonite seals in a low-permeability rock mass 

involves transient analyses. Transient analysis can provide hydraulic 

conductivity and specific storage for both rock and clay within reason

able testing times. The effectiveness of this type of test for materi

als with no or little available previous testing as a reference can only 

be judged by laboratory comparisons. Laboratory results can be compared 

to laboratory steady-state test results. Similarly, the significance of 

test variables, such as reservoir volumes and volume ratios, as well as 

test pressures, can be estimated. 

Scale tests and prototype observations provide a context for 

comparison of laboratory and in-situ testing. Large-scale laboratory 

experiments simulate field conditions in terms of seal size and pres

sures. Prototype observations provide a record of visible changes in 

volume and homogeneity of the seal material. 

6.2 Hydraulic Conductivity: Constant Pressure Injection 

Section 5.3 describes the purpose, theory, equipment and proce

dures used to test the hydraulic conductivity of bentonite plugs. Four 

plugs were tested under pressures of 34 to 69 kPa (5 to 10 psi). 

Appendix C includes test records over approximately 4 months. Tables 

C.l and C.2 show inflow, outflow per plug, test pressure, estimated loss 

of saturation and hydraulic conductivity calculated for two daily 

measurements. 
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Hydraulic conductivities average approximately 10"8 cm/s for all 

four plugs. These values were determined assuming that all outflow from 

the plugs represented flow through the plugs. In fact, as discussed in 

Section 6.3, a significant portion of this flow is the result of plug 

consolidation. A more meaningful estimate of the hydraulic conductivity 

of the plugs might be made by subtracting the consolidation drainage 

from the outflow. This adjusted outflow is the basis for the analysis 

in this section. 

Table 6.1 presents the results of hydraulic conductivity testing 

on the plugs in tubes 1 through A under constant pressure injection. 

Pressure was 34 kPa (5 psi) throughout this period. Hydraulic conduc

tivity was calculated using the adjusted outflow discussed above. The 

conductivity values correspond to flow rates averaged over a twenty-four 

hour period during which two or three measurements were taken. These 

measurements, and the hydraulic conductivities calculated from the 

unadjusted outflow (Appendix C) were used to determine the hydraulic 

conductivities shown. Unadjusted hydraulic conductivity values were 

averaged for each twenty-four hour period and corrected using the 

consolidation rate discussed in Section 6.3. 

Figures 6.1 and 6.2 plot the adjusted hydraulic conductivity. 

Dashed portions represent periods over which no measurement was made or 

when the measurements were considered suspect as a result of adjustments 

in the test equipment. These adjustments were primarily replacing the 

nitrogen source and refilling the water reservoirs. 

The plugs in tubes 2 and 3 contain steel pipes as described in 

Section 5.3.3. These were designed to simulate the tubing that pene-
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Figure 6.1 Apparent hydraulic conductivity (adjusted for consolidation) of bentonite in tubes 1 and 

4. Dashed sections of the curve are uncertain or have not been measured. Injection 
pressure 34 kPa (5 psi). 
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3. Dashed sections of the curve are uncertain or have not been measured. Injection 
pressure 34 kPa (5 psi). 
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trates the plugs tested at Cargodera Canyon. A comparison of Figures 

6.1 and 6.2 shows that the penetrated plugs exhibit an abrupt early time 

increase in hydraulic conductivity. The spike is absent in Figure 6.1. 

This suggests that the high conductivity in Figure 6.2 is a result of 

the pipes penetrating the plugs. If an experimental procedure was the 

cause, the anomalous values should be present in all four plugs. Both 

.7 
high values are approximately 6 x 10 cm/s, which is still low enough 

to approximate the hydraulic conductivity of the host rock tested at 

Cargodera Canyon (Sections 3.5.6 and 3.6.3). The field plug at the top 

of the injection interval is penetrated by two steel pipes, which may 

increase the penetration Influence on the hydraulic conductivity of the 

Cargodera Canyon plug. 

The high conductivity in tubes 2 and 3 drops off sharply, within 

24 hours. This suggests that the bentonite plugs quickly sealed around 

the penetrating pipes. The ability of the bentonite to infill voids or 

heal discontinuities and penetrations by swelling is one of the criteria 

used to evaluate the performance of seals with respect to seal functions 

(Meyer and Howard, 1983, p. 20, quoted from D'Appolonia, 1980a). This 

sealing may have been enhanced by the higher flows around the pipes. 

These higher flows bring more water into contact with the clay and may 

induce preferential swelling. 

Another hydraulic conductivity spike occurs at approximately 30 

days. The peak varies from plug to plug, with the highest value 

measured in plug 2 at approximately 2 x 10"^ cm/s. This spike occurs in 

all four plugs at the same time. It is probably the result of experi

mental procedure. A review of the test history suggests that in early 
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June pressure was released from the system while reservoirs were 

refilled with water. Higher flows are recorded for the period immedi

ately following the reapplication of pressure. 

Flow is approximately constant for the remainder of the test. The 

negative hydraulic conductivity values listed in Table 6.1 and plotted 

in Figures 6.1 and 6.2 reflect the fact that outflow from the plugs is 

slightly less than predicted for consolidation alone. The consolidation 

factor applied to adjust the hydraulic conductivity values is an 

average rate calculated from approximately 3 months of consolidation 

testing (Section 6.3). This average rate may smooth the hydraulic 

conductivity over time reported here. 

The results suggest that no flow occurred through the plugs except 

for two brief periods. Two factors should be considered with respect to 

this conclusion. Three months is not a long time for a test of this 

type. Pusch et al. (1982) report a hydraulic conductivity of 10 ̂  to 

-12 
10 cm/s for Na-rich bentonites using constant head injection. Singh 

_9 
(1982) reports conductivities of 10 cm/s for similar natural clays. 

Westsik et al. (1982) used constant head tests on compacted Na and 

Ca-rich bentonite clays and clay sand mixtures. Their hydraulic 

-10 -13 
conductivities range from 10 cm/s to 10 cm/s. Hodges et al. 

(1982) tested similar samples and found hydraulic conductivities ranging 

-11 -13 
from 10 to 10 cm/s. Sawyer and Daemen (1987) used a falling head 

test on Na-rich commercial bentonite clays. They report average 

-9 -10 
conductivities of 10 cm/s. If 10 cm/s can be used as an average 

hydraulic conductivity, the time necessary to measure an outflow of 1 ml 

can be calculated. Equation (5.5) for constant head testing can be 
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Table 6.1 Apparent Hydraulic Conductivity* of Tubes 1-4, May-July 1985 

Cumulative Average Hydraulic Conductivity (cm/s x 10" ) 
Time Tube Tube Tube Tube 

Date f days) 1 2 3 4 

May 5 0.14 -8.57 -8.75 -8.8 -8.75 
6 1.45 -2.51 -2.61 -2.75 -2.58 
7 2.45 -2.94 -3.12 -3.18 -3.08 
8 . 3.32 -3.57 -3.51 -3.49 -3.49 
9 4.19 -3.57 -3.51 -3.49 -3.49 
10 5.21 
11 
1 2  -  . . . .  
1 3  -  . . . .  

14 9.08 -3.32 +6.3 +5.79 -3.30 
15 10.15 -2.97 -2.74 -2.81 -2.74 
16 11.12 -3.24 -3.10 -3.11 -3.11 
17 11.97 -3.06 -2.95 -2.95 -2.84 
18 13.32 -2.74 -2.60 -2.62 -2.57 
1 9  -  . . . .  

20 14.90 -3.0 -3.69 -3.73 -3.71 
21 16.22 -2.63 -2.51 -2.55 -2.51 
22 17.03 -3.61 -3.48 -3.49 -3.51 
23 18.15 -2.89 2.80 -2.86 -2.86 
24 19.25 -2.99 -2.89 -2.90 -2.90 
25 20.16 -3.34 -3.23 -3.33 -3.33 
26 
2 7  -  . . . .  
2 8  . . . .  
29 24.15 -2.97 -3.32 -3.33 -3.33 
30 25.13 -3.24 -3.13 -3.14 -3.15 
31 26.02 -3.15 -3.11 -3.11 -3.11 

June 6 32.31 +1.04 +1.83 +1.91 +1.45 
7 33.18 -3.08 -3. -2.99 -3.04 
8 34.11 -3.21 -3,19 -3.33 -3.21 

10 36.17 -3.10 -3.12 -3.17 -3.12 
11 37.17 -3.1 -3.1 -3.21 -3.1 
12 38.25 -3.09 -3..08 -3.15 -3.05 
13 39.24 -3.22 -3.06 -3.01 -3.21 
14 39.43 -3.97 -3.89 -3.97 -1.29 
15 41.12 -2.87 -2.87 -3.04 -2.88 
16 42.1 -3.22 -3.21 -3.01 -3.22 
17 43.2 -2.95 -2.95 -2.9 -2.94 
18 44.72 -2.61 -2.61 -2.69 -2.61 
19 45.75 -2.98 -2.98 -3.14 -3.01 
20 46.73 -3.17 -3.18 -3.21 -3.19 
21 47.70 -3.15 -3.24 -3.05 -3.14 
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Table 6 ,1 Apparent Hydraulic Conductivity* of Tubes 1-4, Hay-July 1985 
--Continued 

Cumulative Average Hydraulic Conductivity (cm/s x 10 
Time Tube Tube Tube Tube 

Date Cdavs} 1 2 3 4 

22 48.71 -3.15 -3.14 -3.19 -3.19 
23 49.7 -3.09 -3.09 -3.18 -3.12 
24 50.72 -2.94 -2.96 -3.04 -2.97 
25 51.68 -3.14 -3.13 -3.23 -3.15 
26 52.66 -3.12 -3.12 -3.18 -3.14 
27 53.38 -3.8 -3.79 -3.91 -3.83 
28 54.76 -2.55 -2.2 -2.44 -2.41 

July 1 58.31 -3.03 -3.03 -2.42 -3.04 
2 59.29 -3.07 -3.07 -3.16 -3.09 
3 60.39 -2.86 -2.79 -3.01 -3.15 
4 61.34 -3.14 -3.14 -3.23 -3.33 
5 
6 

62.25 -3.33 -3.32 -3.4 -3.33 

7 
8 65.29 -3.49 -3.5 -3.52 -3.5 
9 66.26 -3.01 -3.01 -3.07 -3.03 

10 67.33 -3,06 -3.06 -3.09 -3.07 
11 68.28 -3.19 -3.19 -3.19 -3.21 
12 69.33 -2.97 -2.98 -2.98 -2.98 
13 70.24 -3.40 -3.39 -3.39 -3.41 
14 71.21 -3.20 -3.20 -3.20 -3.22 
15 72.35 -2.72 -2.74 -2.76 -2.78 
16 73.30 -3.38 -3.35 -3.33 -3.39 
17 74.32 -2.97 -3.01 -3.02 -3.01 
18 75.24 -3.29 -3.29 -3.28 -3.29 
19 76.34 -2.99 -2.98 -2.98 -3.00 
20 77.42 -3.07 -3.07 -3.05 -3.08 
21 78.16 -2.96 -2.95 -2.94 -2.97 
22 79.32 -3.00 -3.00 -2.99 -3.01 
23 80.38 -3.24 -3.24 -3.22 -3.25 
24 81.31 -2.99 -2.99 -2.97 -3.00 
25 82.37 -3.06 -3.07 -3.05 -2.71 
26 83.28 -3.26 -3.26 -3.22 -3.27 
27 83.95 -4.02 -4.02 -4.00 -4.04 
28 - - - - -

29 86.32 -2.91 -2.98 -2.90 -2.97 
30 87.31 -3.16 -3.15 -3.13 -3.16 
31 88.33 -3.09 -3.09 -3.05 -3.09 

"Hydraulic Conductivities" listed are based on measured outflow 
reduced by consolidation outflow (equation 6.2). 
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solved for time. V is the desired 1 ml outflow, K is assumed to be 

10 ̂  cm/s, h is the 34 kPa (5 psi) injection pressure, and A and L are 

the crosssectional area and length, respectively, of the plugs tested. 

A time of 40 days is predicted for 1 ml through-flow. 

Two alternatives are available in standard soils laboratory 

practice to avoid the long testing time predicted for the clays used in 

this study. One would be to use the conventional falling head test. 

However, this test does not provide a mass balance. The test assumes 

that all flow into the plug will be equalled by outflow. The falling 

head test measures the fall in head of a standpipe over the sample. The 

flow rate, Q, into the sample equals the fall velocity, dh/dt, times the 

area, a, of the standpipe (e.g. Bouwer, 1978, p. 41). To solve for 

hydraulic conductivity, this relationship 

q- (-dh/dt) a (6.1) 

is set equal to the flow rate predicted by Darcy's law (equation 5.4). 

However, the flow predicted by Darcy's law is flow through the plug and 

not flow into the plug. This consideration is especially important when 

testing bentonite clays where a number of processes, including the 

swelling discussed in Section 6.4, affect flow. This problem is 

reported by Sawyer and Daemen (1987) for falling head tests on benton

ite. They report negative outflows in every tested clay. 

The second alternative is to increase the injection pressure. The 

low injection pressures used in this test were designed to simulate the 

conditions of the plugs tested in situ. Pressures used in the field are 
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limited by the depth of test interval from the surface. The use of 

higher pressures is questionable, however, from the perspective of what 

they will do to the clay samples. Using equation (5.5), the pressure 

required to produce an outflow of 1 ml in one day is calculated at 

approximately 1.4 MPa (200 psi). Lambe and Whitman (1979, p. 77) quote 

a strongly qualified correlation between unconfined compressive 

strengths for clays (from < 24 to > 388 kPa) and resistance to penetra

tion. Section 6.3 of this study discusses how one plug failed when 

penetrated by gas under 69 kPa (10 psi) pressure. When pressure is 

applied with fluid or gas, a weakness in the plug may be vulnerable to 

failure at pressures significantly lower than the overall sample 

strength since penetration can occur at the weakest point. 

High injection pressures also affect the clay consolidation. When 

a clay sample is loaded axially, excess pore pressure develops at the 

surface where the load is applied. Normally, this pressure is dissipat

ed through a soil and the entire sample experiences the pressure 

gradient imposed by the load. Low hydraulic conductivity clays will 

take much longer to dissipate these excess pore pressures since the rate 

of consolidation is a function of the hydraulic conductivity of the clay 

(Section 5.4). Large excess pore pressures will take longer to dissi

pate than small ones. High injection pressures should result in an 

extremely non-uniform distribution of pore pressures through the length 

of the sample. Darcy's law is linear (Freeze and Cherry, 1979, p. 72) 

and assumes a linear pressure gradient along the length of the sample. 

The degree to which test procedures increase the non-linearity of that 
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gradient should affect the applicability of Darcian analysis to the 

results. 

Constant head and falling head -tests are the most commonly used 

laboratory methods for determining the hydraulic conductivities of 

soils, including clays (Holtz and Kovacs, 1981, Section 7,4). Transient 

pressure pulse methods, however, may prove more applicable to very low 

permeability materials. Results from this type of testing are discussed 

in Sections 6.6 and 6.8. 

Pressures used for injection at Cargodera Canyon range from 34 to 

69 kPa (5 to 10 psi). To determine the conductivity of laboratory 

samples across that range, injection pressure in the test apparatus was 

increased to 69 kPa (10 psi). Table 6.2 shows the results of this 

increase in injection pressure over four days of testing. No meaningful 

change in hydraulic conductivities resulted from the pressure increase. 

6.3 Consolidation Test Results and Analysis 

Section 5.4 describes the objectives, analysis and procedures used 

to determine the consolidation of bentonite plugs. Four plugs were 

consolidated at 69 kPa (10 psi). Three of these plugs were also 

consolidated at 138 and 207 kPa (20 and 30 psi). Consolidation was 

measured as the volume of water drained from the plugs. Outflows over 

time are included in Appendix D. 

Consolidation is usually analyzed by plotting the sample deforma

tion against the log of time (Casagrande, 1936; Liu and Evett, 1981, 

Section 4.2). Graphical methods are used to estimate the coefficient of 

consolidation by approximating the time required for 50 or 90 percent of 

total consolidation (Holtz and Kovacs, 1981, Section 9.4). These 
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Table 6.2 Apparent Hydraulic Conductivity* in Tubes 1 through 4. 
Constant Pressure at 10 psi. 

Date 

Time 
of 

Reading 

Interval 
Between 
Readings 
( sec) 

Hydraulic 
Tube 

1 

Conductivity (cra/s 
Tube Tube 

2 3 

x 10"7) 
Tube 
4 

8/10 1723 4980 -6.26 -6.31 -6.20 -6.43 

8/11 1416 75180 -1.61 -1.61 -1.60 -1.63 

8/11 1430 840 - - - -

8/12 0817 64020 -1.81 -1.81 -1.79 -1.82 

8/12 1650 30780 -2.57 -2.58 -2.58 -2.58 

8/13 0823 55980 -1.99 -1.99 -2.00 -1.99 

8/13 0830 420 - - - -

8/13 1852 37320 -2.35 -2.32 -2.37 -2.32 

8/14 0809 44220 -2.26 -2.28 -2.25 -2.29 

"Hydraulic Conductivities" listed are based on measured outflow 
reduced by consolidation outflow (equation 6.2). 

Table 6.3 Summary of Slopes, Outflow vs. Square Root of Time 
for Consolidation Tests 

Injection Pressure Plug 5 Plug 6 Plug 7 

kPa (psi) (cc/min ̂ ) (cc/min^^) (cc/min*^) 

69 (10) .665 .675 .737 

138 (20) .626 .625 .633 

207 (30) .611 .565 .668 
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methods utilize the change in slope of the deformation versus log of 

time plot as primary consolidation approaches its limit. The conven

tional oedometer test uses a longitudinal displacement gage to measure 

the sample deformation. Linear displacement should be proportional to 

volumetric change and a similar change in slope should be observed in an 

outflow against the log of time plot. Figures 6.3 through 6.6 show the 

drained outflow plotted against the log of time for the 4 plugs used in 

this test. No flattening of the slope occurs. The curves represent 

approximately 35 days of testing. 

The unusual curve in Figure 6.6 represents a plug failure after 

approximately 20 days of testing. The failure was expressed as nitrogen 

flowing through the plug and up the collection pipette. A crack at the 

plug surface was visible through the tube containing the plug to a depth 

of approximately 5 cm (2 inches), or half the length of the plug. The 

near-horizontal slope of the curve until failure occurs represents the 

fact that no flow occurred through the plug. This would seem to be the 

result of the failure process. Pressurized gas penetrated the plug; no 

consolidation took place. Over time, the penetration worked deeper into 

the plug until the plug was completely punctured. 

Another method of analyzing consolidation is to plot the deforma

tion of the sample against the square root of time (e.g. Lambe and 

Whitman, 1979, p. 412; Taylor, 1948; Holtz and Kovacs, 1981, p. 400). A 

similar flattening of the slope of the plot should allow approximating 

the time involved in a given percentage of consolidation. Figures 6.7 

through 6.10 show outflow plotted against the square root of time for 

the four plugs tested. No flattening of the slopes is apparent. 
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However, for plugs 5, 6 and 7, the plots suggest a near linear relation

ship between deformation and the time factor. Calculations show a 

correlation of better than 98 percent with a straight line slope. 

The primary objective of this testing is to determine the signifi

cance of consolidation on hydraulic conductivity measurements. This 

involves estimating what volume of flow under a given pressure is the 

product of consolidation. The relationship between outflow and time 

expressed in Figures 6.7 through 6.10 provides a basis for making such 

an estimation. The slope of the straight line approximation is used to 

calculate the flow volume for a given time. This volume is then 

subtracted from the outflow measured in the conductivity test. The 

adjusted flow volume is used to calculate the hydraulic conductivity. 

The usual expression (5.5) for hydraulic conductivity under constant 

head conditions is 

K-VL/Aht (6.2) 

The adjusted expression is 

K-(V-Vc) L/Aht (6.2) 

where Vc is the outflow volume produced by consolidation. 

The coefficient of consolidation as determined by conventional 

oedometer testing will normally vary with pressure used to achieve 

consolidation (Liu and Evett, 1981, p. 78). This results from the 

relationship between pressure and consolidation limits. The coefficient 

is calculated for each pressure assuming that consolidation has essen-
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Figure 6.10 Consolidation outflow. Bentonite plug 8 at 69 kPa (10 psi). 
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tially ended (Holtz and Kovacs, 1981, Section 8.4). The consolidation 

in Figures 6.3 through 6.10 gives no indication of approaching a limit. 

The relationship between the rate of consolidation derived from the 

slopes in Figures 6.7 through 6.10 and the applied stress was investi

gated by increasing the pressure to 138 kPa (20 psi). 

Figures 6.11 through 6.13 show outflow plotted against the square 

root of time for a consolidation pressure of 138 kPa (20 psi). These 

plots can also be approximated by straight-line slopes with correlations 

of better than 98 percent. The slopes are similar to the ones for flow 

at 69 kPa (10 psi). Table 6.3 (page 225) summarizes the slopes for each 

plug at the designated consolidation pressure as a function of outflow 

against the square root of time in minutes. Testing at 138 kPa (20 psi) 

was continued for approximately 2 weeks". 

Figures 6.14 through 6.16 show the relationship of outflow to the 

square root of time at a consolidation pressure of 207 kPa (30 psi). 

Testing at this pressure was continued for approximately 12 days. 

Slopes from these plots are included in Table 6.3. A comparison of the 

slopes at all three pressures shows that the rate of consolidation as a 

function of time has increased consistently for plugs 5 and 6, less so 

for 7. The rate seems to be independent of the pressure, at least 

across the range of loads actually applied. 

The plug consolidation over a range of pressures and an extended 

test period is summarized in Figure 6.17, which plots outflow against 

the square root of time in hours. Total time represented is approxi

mately 54 days. It is apparent from the plot that consolidation is not 

approaching a limit. 
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Figure 6.17 Consolidation of bentonite plug 6 at 69, 138 and 207 kPa 
(10, 20 and 30 psi). 
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The hydraulic conductivity measurements made in this study are 

adjusted for consolidation. However, consolidation is a finite process. 

Long-term plug testing in the laboratory or in situ could conceivably 

continue beyond the time required for 100 percent primary consolidation. 

It is, therefore, desirable to estimate how long consolidation could 

continue under the range of pressures used in this study. This time can 

be estimated using the relation between the coefficient of consolidation 

and time expressed by 

tD-cvt/H2 (6-3) 

where c^ is the coefficient of consolidation, t^ is a dimensionless time 

factor, t is time, and H is the length of the longest drainage path, in 

this case the sample length (Holtz and Kovacs, 1981, Section 9.3). 

The coefficient of consolidation is defined as 

Cv- (K/pw) ( (l + e0) /av) (6.4) 

_9 
where K is hydraulic conductivity, assumed to be 10 cm/s, pw is the 

unit weight of water, eQ is the original void ratio of the sample, and 

a is the coefficient of compressibility. 

These equations can be combined and solved for time: 
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C-tDH2avpwcr/K(l+e0) (6-5) 

is defined as the change in void ratio divided by the change in 

applied stress (Lambe and Whitman, 1979, p. 155). Original void ratio 

for each plug can be approximated as the volume of water in the plug 

divided by the volume of the dry pellets. Using the description of plug 

construction in Section 5.3.3, a void ratio of 4 is calculated using an 

approximate volume of 1 cc per tablet (Section 6.4). a^ is found from 

the relationship (Lambe and Whitman, 1979, p. 157) 

av-0.43 5 Cc /ov a  (6.6) 

where Cc is the compression index and ova is the average stress. Lambe 

and Whitman (1979, p. 318) offer an empirical relationship between 

liquid limit and Cc as Cc - 0.007 (liquid limit - 10%). Using a liquid 

limit of 360 (Section 6.4) a G of 2.45 is calculated and a can be 
c v 

,1 
estimated as .43 psi . t^ is found using the relationship t^ •- 1.781 -

.933 log (100 - U%), where U is the percent consolidation desired, in 

this case 98%. Then t^ — 1,5. Using these values to solve for time 

indicates that for 98% consolidation to occur, the plugs would have to 

be tested for approximately 3 years at 69 kPa (10 psi). This suggests 

that hydraulic conductivity should be adjusted for consolidation for any 

test reported on here. 

A visual estimate of consolidation is possible using the reference 

heights established for each plug at the start and end of each pressure 

episode. Table 6.4 compares the consolidation as measured from the 



Table 6.4 Volumetric and Linear Deformation Measurements during 
Bentonite Plug Consolidation Testing 

Volumetric Measurements 

Pressure Original Volume Outflow Consolidation 
(osi) Plue fee") fee) (% Orie. Vol 

10 5 500 148.05 29.6 

10 6 500 162.70 32.5 

10 7 500 168.65 33.7 

20 5 442 90.75 20.5 

20 6 427 89.00 20.8 

20 7 421 91.60 21.8 

30 5 441 78.60 17.8 

30 6 428 72.70 17.0 

30 7 419 78.7 18.8 

Linear Measurements 

Final 
Pressure 
(psi) Plug 

Original Length 
fin} 

Length 
fin^ 

Consolidation 
(% Orie. Lens.) 

10 5 4.0 3.6 10 

10 6 4.0 3.5 13 

10 7 4.2 3.8 10 

20 5 4.0 3.8 5 

20 6 3.9 3.6 8 

20 7 4.2 3.7 12 

30 5 4.1 3.8 7 

30 6 3.8 3.7 3 

30 7 4.0 3.8 5 
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length of the plugs with consolidation as measured by volume of water 

drained. Consolidation is expressed as percent of original height or 

volume. The volumetric estimate should be considered more accurate as 

lengths are based on only one point on the plug surface, 

Lambe (1959, pp. 80-81) states that friction between the consoli

dating material and the testing device can affect the results of 

consolidation testing significantly. To determine the bond between the 

clay plug and the walls of the tube used for testing, a pushout test was 

performed on plug 8 after it failed. Water was injected into the bottom 

of the test apparatus and displacement of the plug was monitored. No 

displacement was noted at pushout pressures of 7 to 28 kPa (1 to 4 psi). 

At 34 kPa (5 psi) the plug moved immediately to the top of the appara

tus. This test provides only a crude approximation of the bond between 

plug and the tube surface, but it suggests that frictional slip should 

be only a small component of the apparent consolidation behavior of the 

plug. 

6.4 Swelling/Moisture Content Testing 

The objectives, method of analysis and procedures for these tests 

are described in Section 5.5. Testing was performed on four plugs over 

approximately 32 days. The main test involved water injection into the 

plugs under low pressure and undrained conditions. The test was begun 

with the apparatus filled with water. All flow into the system is 

considered to be flow into the plugs. To determine the flow per plug, 

total flow is averaged over the four plugs tested. Since no drainage 

was permitted, no consolidation or flow through the plugs could occur. 
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Table 6.5 presents, over approximately 32 days, total flow into 

the system and average change in moisture content per plug. Injection 

pressure was 34 kPa (5 psi). The moisture content is the ratio of the 

weight of water in the plug to the weight of solids that comprise the 

plug. The water content of the dry tablets was determined by laboratory 

testing. Three sets of ten tablets each were weighed, oven-dryed for 

three days, and weighed again. An average moisture content of 10% was 

determined. Todd Harriety of American Colloid , the manufacturer of the 

bentonite tablets used in this testing, confirmed that 10% was the 

manufacturer's estimate of shipped moisture content. The moisture 

content for the prepared plugs prior to testing was 235%. After 

approximately 32 days, the moisture content had increased to 243%. 

Figure 6,18 shows the change in moisture content over time for an 

average plug. Approximately 66% of the increase occurs in the first 7 

days, and 50% occurs in the first three days. 

The decrease in the rate of change of moisture content may be a 

function of two processes. When the plugs are originally constructed, 

they are allowed to swell freely up the tubes as they adsorb the water 

available. This swelling will continue until there is no more water 

available to the clay or until the clay has reached its free swell 

limit. An-experiment was performed in conjunction with the swelling/ 

moisture content tests to determine the free swell potential of benton

ite tablets. Two graduated cylinders, with volumes of 250 and 1000 ml, 

were used. The smaller cylinders received 25 bentonite tablets dropped 

through 100 ml of water. The larger cylinder received 100 tablets 

dropped through 400 ml. The final volume in the smaller cylinder was 
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Table 6.5 Saturation Tests on Bentonlte Plugs in Tubes 9 through 12 

Time Cumulative Inflow Moisture Content 
Iminj fee) 

0 0 235.34 
6 0.3218 235.43 
15 0.8044 235.57 
27 0.9653 235.61 

2776 12.2269 238.75 
2805 12.3877 238.80 
3859 14.6400 239.43 
4381 15.4444 239.65 
5056 16.5706 239.97 
5343 17.0532 240.10 
5963 17.5359 240.23 
6948 18.8729 240.59 
7339 19.1147 240.68 
7970 19.7882 240.86 
8639 19.9491 240.91 
11767 21.3970 241.31 
12503 21.7187 241.40 
13027 21.5579 241.36 
13680 21.8796 241.45 
14425 21.8796 241.45 
15264 21.7187 241.4 
15967 22.0405 241.49 
17335 22.0405 241.49 
18355 22.0405 241.49 
18834 22.0405 241.49 
20149 22.3623 241.58 
21611 22.3623 241.58 
22689 22.3623 241.58 
23197 22.3623 241.58 
24058 22.6840 241.67 
25490 21.2361 241.27 
26024 24.7755 242.25 
26938 25.0972 242.34 
27346 25.2581 242.39 
27457 25.0972 242.34 
28367 25.5799 242.48 
28939 25.5799 242.48 
30490 25.9016 242.57 
31576 26.0625 242.61 
32678 26.3843 242.70 
33243 26.2234 242.66 
34138 26.5451 242.75 
34153 26.5451 242.75 
34263 26.5451 242.75 
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Table 6,5 Saturation in Tubes 9 through 12--Continued 

Time 
fining 

Cumulative Loss 
fee} 

Moisture Content 
(%) 

34778 26.8669 242.84 
35580 27.5104 243.02 
36116 27.8322 243.11 
37000 28.3148 243.24 
37606 28.4657 243.29 
38452 28.6366 243.33 
38928 28.6366 243.33 
39881 28.6366 243.33 
42771 29.2801 243.51 
43305 29.1192 243.47 
44141 29.1192 243.47 
44726 28.9583 243.42 
45615 29.1192 243.47 
46195 29.1192 243.47 
47065 29.4410 243.56 
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Figure 6.18 Change in water content for plugs 9 through 12 at 34 kPa (5 psi) injection pressure. y 
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125 ml and in the larger the final volume was 510 ml. After approxi

mately 30 days it was observed that swelling had essentially ended. 

After 40 days the free water still standing above each clay sample was 

removed and measured. The smaller cylinder had 13 ml of free water and 

the larger cylinder 142 ml. The free swell of the sodium bentonite 

tablets used in this study can then be calculated using (Holtz and 

Kovacs, 1981, p. 189): 

free swell - (final volume - initial volume)/initial volume x 100 
(6.7) 

Averaging the results of the two cylinders gives a free swell of 300%. 

As a comparison, Holtz and Kovacs (1981, p. 189) suggest that 

sodium montmorillonites have free-swell values of 1200% and greater. 

The results they discuss use a powdered dry clay that has passed a No. 

40 sieve. The increased surface area for powdered clay should give it a 

greater free swell than highly precompacted bentonite tablets. 

The significance of this test is that the plugs tested had 

approached the limit of their free swell potential prior to testing. 

Their ability to freely take in available water is significantly less 

than hydrating tablets with a lower moisture content. 

The test with the graduated cylinders had another interesting 

result. After 40 days of testing, the combined volumes of the clay and 

water were unchanged in both cylinders. The dry tablets have a measured 

porosity. If the clay were saturated, the total volume could be 

expected to decrease by the volume of voids in the clay. This suggests 

that even after 40 days of swelling, the clay remains 
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unsaturated. This may explain the steep initial increase in moisture 

content as water is pressurized on the plugs. The degree of satura

tion of the plugs increases as air is driven from the void spaces to be 

replaced by water. This process will stop when pore pressure in the 

clay comes into equilibrium with the applied pressure. 

The primary objective of this testing is to determine the signifi

cance of swelling and change in moisture content on the hydraulic 

conductivity of the bentonite plugs. Table 6.6 presents the change in 

moisture content results from the tests described in Section 6.2. As 

discussed in that section, a difference in the volume of water injected 

into the system and the volume collected was measured. The actual 

volumes measured are included in Appendix C. The volume of water 

injected that was never collected was assumed to have been taken in by 

the plug, with a corresponding change in volume and moisture content. 

Figure 6.19 shows the change in moisture content over time. 

It is instructive to compare the results in Tables 6.5 and 6.6, as 

well as Figures 6.17 and 6.18. After approximately 30 days, the 

moisture content in plugs 1 through 4 (tested for hydraulic conductivi

ty) had increased from 235% to approximately 246%. This correlates 

closely with the 9% increase experienced by plugs 9 through 12. This 

correlation occurs despite the fact that plugs 1-4 are allowed to drain. 

This evidence is confirmed by visual inspection of plugs 1-4, which have 

increased in volume by more than 10%. No effort was made to measure the 

actual increase, as no increase had been expected when the testing was 

initiated, and no reference point had been established.. The implica

tions for hydraulic conductivity testing of bentonite plugs of these 
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Table 6,6 Moisture Content of Bentonite Plugs in Tubes 1 through 4 

Cumulative 
Time Water Uptake Moisture Content 
fmin> fee) (%) 

0 0 235.34 
2.45 68.19 240.1 
9.08 101.85 242.48 
11.97 111.73 243.14 
16.22 130.09 244.42 
19.25 142.42 245.28 
25.13 152.45 245.98 
33.18 162.11 246.65 
37.17 174.26 247.50 
39.43 166.10 246.93 
43.20 171.39 247.30 
46.73 178.51 247.80 
49.70 248.06 252.64 
52.66 265.55 253.86 
58.31 298.83 256.19 
61.34 311.24 257.05 
66.26 318.46 257.55 
69.33 324.36 257.97 
72.35 345.12 259.41 
75.24 479.11 268.76 
78.16 489.99 269.52 
81.31 493.48 269.76 
83.28 502.43 270.39 
86.32 492.86 269.71 
89.36 535.13 272.67 

Table 6.7 Summary of Bentonite Plug Longitudinal Expansion 
Measurements for Tubes 9 through 12 

Plug 
#9 #10 #11 #12 

Initial Height (in) 4.00 3.65 3.70 3.60 

Final Height (in) 4.90 4.50 4.50 4.40 

Expansion (% initial 
length) 23 23 22 22 
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change of moisture content/swelling results are discussed in Section 

6 . 2 .  

A final measure of swelling discussed in Section 5.5.2 is the 

swell index. This corresponds to the index of compressibility except 

that it measures the expansion of the clay upon unloading. An attempt 

was made to estimate a swell index for the clay used in this study. 

Measurements were made using the apparatus for consolidation testing 

described in Section 5.4,3. At the end of the 207 kPa (30 psi) test 

cycle, two plugs were unloaded. The collection pipettes were filled 

with water and the amount of water drawn up into the plug was measured. 

After approximately 7 days the average intake into the plugs was 17.2 

i tt 4 „ a /i * i a swell index of .12 is ml. Using the expression Cg - Ae/logAov ' 

calculated for the clay. This can be compared with swell index values 

of 2.5 to 17 reported by Lambe and Whitman (1979, p. 322) for sodium 

montmorillonites. Lambe and Whitman (1979, p. 321) note that Cg is 

always much smaller than Cc for virgin compression. A wide range of 

values seem possible, which may qualify the value of this measurement in 

predicting the performance of bentonite plugs. 

Heights were measured for all four plugs tested for swelling and 

change in moisture content. Table 6.7 summarizes these results. The 

height measurements reflect only one point on the surface of each plug. 

6.5 Reference Testing 

6.5.1 Liquid Limits 

The objectives and methods used for liquid limit determination are 

discussed in Section 5.6.2. Two liquid limit tests were conducted. The 

first tested samples at 16 different moisture contents. The results of 
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the test (Table 6.8) show that control of moisture content can be 

difficult with this type of clay. If a large sample volume is prepared 

for a variety of tests, as was done in this case, it is difficult to 

achieve homogeneity of moisture content throughout the sample. Care 

must be taken with mixing to avoid altering the clay fabric. For this 

test, it was important that the clay fabric resemble as closely as 

possible that of the clay used for in-situ and laboratory experiments. 

At the same time, some mixing is required to assure contact of water and 

clay throughout the sample volume. 

Samples with the same moisture content behave differently if the 

degree of adsorption differs from sample to sample. Adsorbed water is 

water bound electrically between the layers that make up the clay 

structure. This water is considered by some researchers to behave more 

viscously than free water in void spaces (Section 5.2). The degree to 

which available water is adsorbed is a function of time and of clay 

surface area in contact with water. The sample preparation method used 

in this test allowed samples several weeks to adsorb the water avail

able, but the only way to make a uniform surface available throughout 

the sample volume would be to grind the tablets and mix them continuous

ly. The difference of degree of adsorption may account for the anoma

lous performance of samples 9 and 13 in the first test. 

A second liquid limit test was performed on seven samples with 

different moisture contents approximately one month after the first 

test. The results of this test are shown in Table 6.9. The intention 

of delaying the second test for one month was to determine how time to 

absorb would influence the determined liquid limit. 



Table 6.8 Results of Bentonite Liquid Limit Test 1 

258 

Moisture 
Content 

f%> Drops 

1 40.19 over 200 

2 68.23 over 200 

3 96.27 over 200 

4 124.31 over 200 

5 152.34 over 200 

6 180.38 over 200 

7 236.46 a) 137 b) over 200 c) over 200 

8 259.0 a) 105 b) over 250 c) over 200 

9 260.0 a) 140 b) 133 c) 105 Average: 126 

10 270.0 a) 128 b) 165 c) over 200 

11 280.0 a) 142 b) over 200 c) over 2000 

12 292.54 a) 7 b) 7 c) 6 Average: 18 2/3 

13 343.59 a) 32 b) : 32 c) 50 Average: 38 

14 348.61 a) 4 b) 4 c) 3 Average: 3 2/3 

15 418.37 a) 4 b) 4 c) 7 Average: 5 

16 460.76 too liquidy to test 
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Table 6.9 Results of Bentonite Liquid Limit Test 2 

Moisture 
Content 

f %"> Drops 

182.4 a) way over 250 

258.9 a) over 250 b) over 250 

261.2 a) over 250 b) over 250 c) over 250 

271.2 a) 254 b) over 250 c) over 250 

321.1 a) 37 b) 59 c) 38 Average: 44 2/3 

358.9 a) 15 b) 19 c) 36 Average: 23 1/3 

409.2 a) 10 b) 9 c) 41 Average: 20 
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Figure 6.20 is a plot of moisture content against the log of the 

number of blows for the first test. Ideally, the results will plot in a 

straight line for samples with counts between 10 and 40 (Lambe, 1959, p. 

25). The liquid limit is the moisture content predicted for a blow 

count of 25 (Lambe, 1959, p. 26). The flow curve shows that results of 

this test deviated slightly from the straight line approximation. 

Moisture content calculated from the first test as the liquid limit is 

approximately 360%. Figure 6.21 is the flow curve for the second test. 

It shows a liquid limit of approximately 362%. 

These results can be compared with liquid limits for four differ

ent Na smectites quoted by Meyer and Howard (1983, p. 43). The values 

range from 280% to 700%, with an average of 440%. Liquid limits quoted 

by Lambe and Whitman (1979) for similar bentonites are significantly 

higher, including 710% (p. 33), and ranging from 494 to 710%. (p. 322) 

The results reported from this test fall at the low end of the expected 

range for clays of similar composition. The differences may result from 

the differences In available surface areas and rates of absorption 

between powdered and tablet forms of the same clay. 

6.5.2 Plastic Limit Test 

The objective and procedures used in determining the plastic limit 

for the clays used in this study are described in Section 5.6.3. Four 

samples with moisture contents of 68.36% were tested. The samples were 

prepared using the procedures described in Section 5.6.3. The results 

are presented in Table 6.10. The samples weighed approximately 8 grams 

at the beginning of the test. End moisture contents varied from 20.30 
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Figure 6.20 Results of bentonite liquid limit determination, Test 1. 
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Table 6.10 Bentonite Plastic Limit Test Results 

Sanrole 

Initial 
Water 
Content 

(%) 

Initial 
Weight 

( e )  

End 
Weight 
(el 

Estimated 
Loss 
of Clay 
fe) 

Water 
Loss 
f«E> 

Final 
Clay Solids 
Weight 
(E) 

End 
Water 
Content 
(%) 

1 68.36 8.08 5.11 1.5 1.47 3.34 53.90 

2 68.36 8.30 4.74 1.0 2.56 3.91 20.45 

3 68.36 8.02 5.49 1.0 1.53 3.75 45.77 

4 68.36 8.02 5.15 0.8 2.07 3.93 29.93 

Average - Plastic Limit - 37.51 
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to 54.85%. The plastic limit was determined as the average end moisture 

content of 37.51%. 

This value is significantly lower than reported plastic limits for 

similar clays. Meyer and Howard (1983, p. 43) list plastic limits of 86 

to 97% for 4 Na-smectites. Lambe and Whitman (1979, p. 33, 322) quote 

54% for Na-montmorillonite. Mitchell (1976, Sections 9.6 and 9.7) 

suggests values from 50 to 100%, with the higher values for Na-montmor-

illonites, and with even considerably higher values for very small 

particle size mixes. There are a number of possible causes for this 

discrepancy. The clay used for testing is extremely sticky at low water 

contents. Each test involved the loss of some clay to the test surface. 

This made an accurate accounting of weight difficult. More significant 

is the fact that samples at this water content are very difficult to 

mix. They retain, to a certain degree, the structure of the tablets. 

This structure should influence the plastic limit by reducing the water 

content at which the clay still retains some molding strength. 

6.5.3 Harvard Miniature Compaction Test 

The objectives, equipment and procedures used for the Harvard 

Miniature Compaction test are described in Section 5.6.4. Seven samples 

with different moisture contents were tested. Samples were prepared 

using the procedure described in Section 5.6.2. Tables 6.11 and 6.12 

present the results. The compaction curve is shown in Figure 6.22. The 

curve conforms to a general paraboloid which increases to a maximum dry 

unit weight at an optimum moisture content and then decreases with 

increasing moisture content. The curve suggests an optimum moisture 

content of approximately 45%. Maximum dry density is between 17 and 18 



Table 6.11 Harvard Miniature Compaction Test Results 

Trial Weight of Compacted Weight of Weight of Wet Density Dry Density 
# Soil and Mold (g) Mold (g) Soil (g) g/cm g/cm 

1 a 
b 
c 

Average: 

491.6 
502.88 
502.34 
498.94 408.63 90.31 1.45 1.04 

2 a 
b 
c 

Average: 

503.77 
502.54 
504.03 
503.45 408.63 94.82 1.52 .879 

3 a 
b 

Average: 

488.46 
493.68 
491.07 408.63 82.44 1.32 1.00 

4 a 
b 
c 

Average: 

506.61 
507.72 
509.56 
507.96 408.63 99.33 1.60 .947 

5 a 
b 
c 

Average: 

503.98 
506.26 
506.76 
505.67 408.63 97.04 1.56 .927 

6 a 
b 
c 

Average: 

502.6 
502.13 
503.64 
502.79 408.63 94.16 1.51 .819 

7 a 
b 

Average: 

511.16 
506.73 
508.945 408.63 100.315 1.61 1.05 



Table 6.12 Harvard Miniature Compaction Test - Water Content 

Weight of Weight of Wet Weight of dry Weight of Weight of Water 
Trial Can Soil and Can Soil and Can Water Dry Soil Content 
# Can (g) (g) (g) (g) (g) (%) 

1 2 IT 
26T 

13.84 
15.44 

40.48 
53.62 

33.03 
42.9 

7.45 
10.72 

19.19 
27.46 
Average: 

38.82 
39.04 
38.93 

2 12T 
33T 

14.7 
15.28 

58.98 
57.49 

39.98 
40.24 

19.0 
17.25 

25.81 
24.96 
Average: 

73.61 
69.11 
71.36 

3 - 117.34 439.9 43.005 102.215 160.345 32.44 

4 177.34 572.12 290.405 281.715 113.065 68.45 

5 - 177.34 568.7 289.43 279.27 112.09 68.12 

6 13.41 395.30 72.22 323.08 58.81 84.6 

7 A23 21.96 70.54 53.48 17.06 31.52 54.13 
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Figure 6.22 Harvard Miniature Compaction Mold Test curve for bentonite used in sealing experiments. 
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grams/in3 or 1.04 to 1.10 g/cm3. 

Sawyer and Daemen (1987) report results from a test by American 

Colloid on a granular bentonite of similar composition to the clay used 

3 3 
in this study. The optimum dry density is 1,346 kg/m (84 lb/ft ), 

which is greater than the 1,025 to 1,090 kg/m^ (64 to 68 lb/ft^) of this 

study. The optimum moisture content found by the manufacturer is 13%, 

significantly less than the results of this test. Sawyer and Daemen 

(1987) also tested seven commercial bentonites with a Harvard Miniature 

3 
Mold compaction test. Dry densities range from 1,090 to 1,460 kg/m (68 

3 
to 91 lb/ft ). Optimum water contents vary from 8 to 26%. The appar

ently low dry densities and high moisture content determined in the test 

reported here may be the result of too low a compactive effort. Lambe 

and Whitman (1979, p. 515) suggest that for a given type of compaction, 

the higher the compactive effort, the higher the dry density and the 

lower the optimum moisture content. Another explanation, however, may 

be more relevant to the type of clay tested in this study. Hilf (1975, 

p. 248) discusses the effects of increasing moisture content on the 

behavior of the soil as compacted. Once the soil has been compacted to 

near saturation, additional moisture content will only decrease the 

density achieved by compaction. The optimum moisture content, as 

determined by compaction testing, will be a function of the void space 

that survives compaction. The clay used in this test has a porosity of 

about 20% in tablet form. The voids locked in the tablets may only be 

able to communicate with the voids in the overall hydrated clay when the 

tablets have sufficiently hydrated to open the tablet structure. This 
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suggests that, for this clay, increasing the moisture content will allow 

greater densification as it makes available the trapped void spaces in 

the tablets to compaction. Simply increasing the compactive effort 

would not produce an accurate measure of the potential for densification 

of the clay. 

6.6 Transient Hydraulic Conductivity Testing 

Small-scale transient pulse testing was performed on three clay 

samples using the procedures and equipment discussed in Sections 5.7.2 

and 5.7.3. Figures 6.23 through 6.25 present results of transient 

tests. Both upstream pressure decay and downstream pressure increase 

are plotted. Each sample was weighed and oven-dried for three days at 

the end of each test to determine moisture content. 

The pressure plots are analyzed to determine hydraulic conductivi

ty using the theory discussed in Section 5.7.2. Late time approxima

tions were used to provide the necessary values. Late time approxi

mation values for different /3 values are included in Appendix E. Type 

curves developed from the approximate solution are presented in Appendix 

F. 

The results of small-scale transient pulse testing are presented 

in Table 6.13. The table includes the ratio of downstream to upstream 

volumes q. The a/J match point is described with the equivalent time 

value in minutes taken from the actual test curve. 

A comparison of the hydraulic conductivity values determined for 

these samples with the results discussed in Section 6.8 for large-scale 

testing shows a significant difference. Small-scale plug hydraulic 

conductivities are much lower than large-scale values. There are a 
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Table 6.13 Results of Small-Scale Transient Pulse Testing on Bentonite Plugs 

Initial 
Sample Final 
Moisture Moisture 
Content Content Time S K 

S-1 
(%) (%) y P a (J (min) (cm ) (cm/s) 

- 75 104 .87 0.1 1 1550 7.35 x 10"9 5.2 x 10"12 

- 100 168 .87 0.1 1 1200 7.35 x 10"9 4.8 x 10'12 

- 125 204 .87 0.1 1 1600 7.35 x 10-9 5.1 xlO"12 

Y : ratio of downstream to upstream reservoir volumes 

S^: specific storage 

K: hydraulic conductivity 



274 

number of explanations for these differences in addition to the scale 

aspect. The small samples had lower moisture contents than the large-

scale sample. Small samples were taken from pre-mixed and saturated 

clay. The large-scale plug was formed by dropping bentonite tablets 

through water to simulate field conditions. Large-scale sample density 

can be assumed to be non-uniform over the length of the sample, as 

suggested by the observations on prototype plug behavior in Section 6.9. 

Finally, the large-scale plug was able to drain into the lower reservoir 

while tested. The samples tested in the small-scale test had controlled 

volumes. No drainage was allowed and sand columns at both ends of each 

small plug prevented swelling. 

A review of these differences in test procedure combined with the 

testing experience suggests that the method of plug construction is the 

most significant factor involved in the differences in observed hydrau

lic conductivity. The low moisture contents and confined volume of the 

pre-mixed, small-scale samples should contribute to lower hydraulic 

conductivity for these samples. The lower moisture contents are 

indicative of plugs not completely saturated. It should be noted that 

the recorded moisture content for each sample is the moisture content 

measured at the end of the test. Initial moisture content was much 

lower. Initial moisture for the large-scale sample is probably in 

excess of 250%, as indicated in the discussion of swelling in Section 

6.4. Meyer and Howard (1983, p. 38) suggest that lower moisture 

contents provide lower hydraulic conductivity as long as the moisture 

content is wetter than optimum as determined by compaction testing (see 

also Section 6.5.3). The confined volume of the small-scale samples 
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results in the full swelling pressure being directed against the vail of 

the test cylinder. This should provide a less permeable sample-wall 

interface than the free-swelling environment of the large-scale plug. 

The results of this test provided some difficulty in curve 

matching. At the beginning of each test it is necessary to remove all 

reservoir pressure. Ideally, the pressure in each reservoir begins at 

zero. However, the soft clay allows some initial displacement down

stream as soon as it experiences pressure. This results in a sudden 

increase in downstream reservoir pressure at the very beginning of the 

test. This displacement also results in a sudden loss of pressure in 

the upper reservoir. Testing was initiated after this adjustment was 

complete and the entire system had equilibrated. Nevertheless, early 

time portions of the curve were suspect because of this change in 

pressure conditions. In addition, pressure curves tend to be flatter 

than type curves predict because the range of pressure change is 

smaller. Curve matching was accomplished using type curves developed 

from the late-time approximation. All three tests were analyzed 

primarily with the decay curves and using the late-time portion of each 

test. Pressure increase curves were disregarded in the test of the 168% 

water content sample and only used for adjustment in the other two 

tests. 

6.7 Saturation Test 

The objectives and procedures for this test are described in 

Section 5.8. The test was performed in conjunction with the transient 

pulse test described in Section 6.6. After each sample was tested for 

hydraulic conductivity by observing the pressure changes in both 
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reservoirs, the reservoir pressures were removed. The upper reservoir 

then received a constant pressure pulse and the pressure increase in the 

lower reservoir was monitored. Figures 6.26 and 6.27 illustrate the 

response. Each figure also shows the upper reservoir pressure pulse. 

The relationship of moisture content to percent of upper reservoir 

pressure achieved is illustrated in Figure 6.28. For this test, 100% 

represents a saturated response. As the graph suggests, saturation 

should fall between 180% and 200% moisture content. 

This test illustrates the relationship between moisture content 

and saturated behavior. It is not clear that at the higher moisture 

contents described the sample is actually saturated. The test only 

measures the behavior of the sample with respect to its ability to 

respond to a constant pressure head. There does seem to be a correspon

dence between increasing moisture contents and the ability of the sample 

to behave as if it was saturated . However, the test does not provide 

an estimate of void volumes still filled with gas. The fluidized 

character of the clay at higher moisture contents may disguise the 

presence of unhydrated void spaces. 

The difficulty of saturating low permeability clays in the 

laboratory has been demonstrated (e.g. Brand, 1975). Even with an 

extensive effort, using high backpressures, the degree of saturation 

achieved is difficult to estimate (Sawyer and Daemen, 1987). The 

procedures and results of this test suggest that saturated performance 

may be achieved with appropriate moisture contents. This behavior may 

correspond to the behavior of clays that are actually saturated. 
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6.8 Large Scale Transient Tests 

The objectives, procedures and equipment of this test are dis

cussed in Section 5.9. The ratio of downstream to upstream reservoir 

volume for this test is 0.1. Three tests were performed using the 0.1 

reservoir ratio. The last three tests were performed by injecting into 

the downstream reservoir. The reservoir ratio y for these tests is 10. 

The results are similar in early time and only diverge in the late 

time slopes when the pressure decay is plotted against the log of time. 

Analysis was accomplished using the error function solution described in 

Section 5.9.2. The error function solution is represented by a single 

type curve included in Appendix F. 

The error function solution is appropriate for situations where 

the hydraulic conductivity of the sample is small, the time involved in 

the test is relatively short, and the specific storage of the sample is 

large. Under these conditions, the decay in the upstream reservoir 

behaves as if the downstream reservoir is an infinite distance away. As 

section 5.9.2 shows, the error function curve plots the product ap2 

against dimensionless pressure decay. This means that only the product 

of hydraulic conductivity and specific storage, KSg, can be calculated 

from this solution. To arrive at a value of hydraulic conductivity, the 

specific storage of the plug must first be estimated. This was accom

plished for these tests by matching the test curves to the type curve 

and noting that all three tests diverge from the type curve at a 

dimensionless pressure decay value of approximately 70%. A plot 

of op2 curves diverging from the error function solution curve provided 
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by Hsieh et al. (1981) suggests a ap for these tests of 0.01. The 

specific storage can be calculated from 

SB -$SjAL (6.7) 

where is the compressive storage of the upstream reservoir, A is the 

cross-sectional area of the plug, and L is the length of the plug. 

Table 6.14 presents the results. Specific storage is estimated as 

-7 -1 -9 
7.86 x 10 cm . Hydraulic conductivities are approximately 1 x 10 

cm/s. 

The second set of three tests, accomplished by injecting and 

monitoring pressure in the lower reservoir, was analyzed using type 

curves developed from the late time approximation given by Hsieh et al. 

(1981). These type curves plot the product aj3 against dimensionless 

pressure decay. Hydraulic conductivity can be calculated using 

K-aVSuL/At  (6-8) 

Specific storage is calculated using the p value for the type 

curve used in each solution. The results of these three tests are shown 

in Table 6.14. 

Table 6.14 shows that both hydraulic conductivity and specific 

storage values of the two sets of tests differ by less than one order of 

magnitude. The difference may be a function of the assumptions underly

ing each solution used. The error function solution depends on the 

magnitude of specific storage assumed. Large specific storage values 

result in low hydraulic conductivities. The late time approximation 



Table 6.14 Results of Large Scale Bentonite Plug Transient Pulse Tests 

Ratio or 
Downstream Solu
to Upstream tion 

Test Reservoirs Approxi s 
c 

K 

No. <Y) mation (cm ^ x 10 
_ 9 

(cm/s x 10 ) 

1 .1 erfc .01 .01 7.86 1.14 

2 .1 erfc .01 .01 7.86 1.07 

3 .1 erfc 0.1 0.1 7.86 1.00 

«p 

4 10 late time 1 .1 1.21 .560 

5 10 late time .3 1 .363 .217 

6 10 late time .65 .1 .786 .275 

S^: specific storage 

K: hydraulic conductivity 
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assumes that the Influence of specific storage is negligible (Hsieh et 

al., 1981). Low specific storage values result in low hydraulic 

conductivities, as the value of ji ,and therefore of ap , is low with 

respect to time. 

The results of the large scale tests suggest that increasing the 

plug size does not significantly affect the hydraulic conductivity 

values developed for the respective samples. The results appear to be 

more sensitive to the types of solutions used to analyze the tests. 

6.9 Plup Prototype 

The objectives and design of the plug prototype constructed in the 

laboratory are discussed in Section 5.10. The prototype was built at 

the same time as the seals were emplaced in situ in Cargodera Canyon. 

After approximately one month, testing was begun on the prototype. 

The sand intervals between the bentonite plugs were observed to 

have lost a significant amount of water to the hydrating clay. They 

were visibly drier to a distance of two to three inches from the 

sand-clay interface than the wet sand away from the clay. To saturate 

the sand and back pressure the clay plugs, water was injected into both 

sand intervals at 34 kPa (5 psi) pressure. Over approximately one week, 

the upper sand interval with one clay-sand interface, took 1200 ml of 

water. During the same period, the lower interval required 4200 ml. 

The lower interval has two sand-clay interfaces. At the end of this 

injection period, both sand intervals appeared to be saturated. 

A 2 cm (3/4 inch) wide crack appeared between the sand and clay 

when one interval was pressurized and the other was not. When pressure 

was moved to the other interval, the crack healed in the unpressurized 
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interval and opened up on the other side of the plug. The fact that the 

crack moved as pressure direction was changed suggests the clay-tube 

interface bond was not strong enough to resist the injection pressure. 

This was confirmed by the push-out test described in Section 6.3. 

Nevertheless, the only possible explanation for the crack itself is 

consolidation and compliance of the clay seal. It is interesting that 

the crack itself is filled with air as well as water. The source of the 

air is probably the collection-injection apparatus installed in the 

plug. The open ends of these lines were left open during the plug 

hydration period. As water was drawn from the sand by the clay, air was 

probably drawn into the sand from outside the system via the tubing 

penetrating the plugs. 

A constant injection test was initiated when the sand intervals 

appeared to be saturated. Approximately twice as much volume is 

injected in either interval as is collected on the other side of the 

plug. Most of the flow out of the collection interval is probably the 

result of the plug moving into the collection interval and forcing 

excess water out. For this reason, the outflow is not used to calculate 

a hydraulic conductivity value. 

Prototype observations bear directly on the record of plug testing 

at Cargodera Canyon. The high inflows observed during in-situ testing 

are similar to the inflows recorded for the prototype test. The absence 

of observable outflows in the field would seem to be a result of the 

fact that the plug-rock interface should form a stronger bond than the 

plug-tube interface. This means the plugs won't slide in the borehole. 
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The loss of water in the sand intervals should have occurred in 

the field as well. The unsaturated character of the injection and 

collection intervals may explain the relatively high apparent permeabi

lities calculated for the plugs during transient testing in the field 

(Section 4.9). These tests would be sensitive to any loss of water and 

pressure to resaturate the sand. 
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CHAPTER SEVEN 

SUMMARY 

7.1 In-situ Testing 

In-situ testing at the Cargodera Canyon study area is divided 

chronologically and is the focus of research into three basic areas. 

The first stage involves site characterization of the study area and the 

surrounding geologic environment. It has as objective determining the 

suitability of the site for the proposed seal testing. Detailed mapping 

of the site area determines the geologic and natural features of the 

site that must be taken into account in the testing program. The 

location of the study area presents a security problem if the site is to 

be instrumented as testing requires. Site preparation must take into 

account power requirements and the meteorological conditions that could 

interfere with access or actual testing. 

The second stage of in-situ testing at Cargodera Canyon has as 

objective the geologic and hydrogeologic characterization of the 

geologic medium to be sealed. The first step in this process is a 

detailed review of the drilling histories and drilling logs of the 

boreholes at the site. Holes selected for testing are photologged. 

Once suitable testing intervals have been chosen, packer tests determine 

the hydraulic conductivity of the rock before it is sealed. Finally, 

on-going testing provides long-term permeability information as a 

control for both short-term testing and actual plug testing. In 

addition, these tests and neutron probes record the impact of injection 
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for plug testing on the degree of saturation in the surrounding rock 

mass. 

The third stage of in-situ testing involves the emplacement of 

bentonite and cement plugs as well as their performance testing. This 

is initiated with the construction of structures to secure the required 

equipment and to protect it from the elements. Plug design and emplace

ment methods tested on laboratory prototypes are then used to seal the 

borehole intervals selected for testing. Transient testing is used to 

determine if the plug injection and collection structures are competent 

and ready for testing. Finally, long-term performance testing of the 

in-place plugs is initiated. 

7,2 Laboratory Testing 

The laboratory study has as objective providing an experimental 

control for the equipment, methods and materials used for in-situ 

testing. Whenever possible, an effort is made to reproduce field 

conditions. Several scale sizes are used to help control the impact of 

size effects on field analysis. 

The laboratory work has three principal areas of focus, The first 

is equipment testing and calibration. A number of the tests used in the 

field require precise equipment testing and calibration so that compli

ance factors can be computed. The low permeabilities of both the 

host rock and the sealing materials tested necessitate long-term study 

of equipment performance under a variety of pressure and temperature 

regimes. 

Bentonite is a complex material and many of its characteristics 

significant to sealing are not well understood. The second area of 
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laboratory research involves prototype study of the behavior of benton-

ite plugs in the laboratory. Once plugs have been emplaced in the 

field, they are no longer accessible for inspection. Laboratory 

prototypes allow the rheological aspects of plug behavior to be studied. 

The behavior of plugs in the field can then be predicted and explained. 

.In addition, the permeability of the plug material can be estimated 

without the influence of the host rock. 

A third area of laboratory research involves reference testing of 

the bentonite used in this study. A number of these reference values 

have never been determined. Others are problematic and often a function 

of testing methods not suited to pure bentonites. An effort is made in 

these reference tests to use bentonite in the same form it has as plugs 

in the field. Finally, a number of the tests are repeated over time to 

determine if the established reference values are time dependent. 

Laboratory tests assess a critical aspect of the field plug 

design, a pipe penetrating through the plug. The results show that as 

the penetrating pipe diameter increases, so does the permeability. A 

test aimed at assessing the effects of water channeling through fresh 

cement paste was inconclusive. 

7.3 Conclusions 

The results confirm that conventional borehole sealing, e.g. 

bailer-emplaced cement plugs and bentonite pellets dropped through 

water, can provide satisfactory short-term sealing of holes in granite. 

Such simple installation of widely used products provides a hydraulic 

conductivity of the sealed hole less than or about equal to that of 

intact granite. Detailed predictions of such bentonite installations 
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(e.g. actual hydraulic conductivity) are highly uncertain due to 

complications associated with installation (e.g. pronounced hetero

geneity) and with behavior (in particular swelling, consolidation, and 

saturation). As is to be expected, the strength of such bentonite 

installations is exceedingly low, suggesting the need for bentonite plug 

support, e.g. by means of cementitious plugs. 

Precise determination of bentonite seal parameters will require 

extremely lengthy testing, if conventional steady state testing is used, 

or will require the development of reliable short term (transient) 

testing procedures and analysis methods for soft, porous low permeabili

ty materials such as clay, that, moreover, are subject to volume changes 

(swelling and consolidation). 
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APPENDIX B 

TYPE CURVES FOR SLUG TEST ANALYSIS 
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APPENDIX C 

LABORATORY MEASUREMENTS OF BENTONITE PLUG HYDRAULIC CONDUCTIVITY 
AND DEGREE OF SATURATION 



Table C.l Hydraulic Conductivity (injection pressure - 34 kPa (5 psi)) 

Date of 
Reading 

Time 
Between 
Reading 
(sec) 

Total 
Volume In 
(cm3) 1 

Volume Out/Tube 
(cm3) 

2 3 4 

Unadjusted 
Hydraulic Conductivity 

(x 10'8 cm/s) 
12 3 4 

May 

051915 12300 9.01 0.6 0.4 0.35 0.4 2.17 1.45 1.27 1.45 
061150 59700 38.29 2.0 1.6 1.15 1.5 1.49 1.19 0.858 0.112 
061440 10200 4.83 0.4 0.4 0.3 0.45 1.75 1.75 1.31 1.96 
061535 3300 0.97 0.2 0.15 0.0 0.1 2.70 2.02 0.0 1.35 
061540 300 - - - - . - • 

061718 5880 3.22 0.3 0.26 0.25 0.36 2.27 1.97 1.89 2.73 
062316 21480 11.58 0.7 0.4 0.45 0.54 1.45 0.831 0.933 1.12 
071800 67440 20.59 2.65 2.05 1.3 1.9 1,75 1.35 0.858 1.26 
071835 2100 - - - - _ 

072320 17100 3.86 0.85 0.45 0.45 0.6 2.22 1.17 1.17 1.56 
090850 120600 - -1.6 -1.25 -0.65 -0.3 0.0 0.0 0.0 0.0 
091229 13140 1.29 -0.65 0.5 0.4 0.5 0.0 1.70 1.36 1.70 
091426 7020 0.97 -0.1 0.2 0.23 0.3 0.0 1.27 1.46 1.91 
091700 9240 1.61 -0.11 0.4 0.27 0.35 0.0 1.93 1.30 1.69 
101730 88200 14.16 0.11 2.3 1.6 2.15 .056 1.16 8.07 1.09 
140925 316500 - - - - - • • • ,» 

141238 11580 5.79 0.9 1.1 1.1 0.95 3.46 4.23 4.23 3.66 
141421 6180 2.57 0.3 0.4 0.4 0.35 2.16 2.89 2.89 2.52 
151003 70920 - - - - • . • _ 
151129 5160 0.64 0.15 0.3 0.2 0.25 1.30 2.59 1.73 2.16 
151322 6780 1.93 0.25 0.3 0.35 0.35 1.64 1.97 2.30 2.30 
151512 6600 1.29 0.23 0.3 0.3 0.3 1.55 2.02 2.02 2.02 
151610 3480 0.64 0.08 0.2 0.15 0.2 1.06 2.56 2.31 2.56 
160804 57240 14.16 0.72 1.8 1.7 1.5 .559 1.40 1.32 1.17 
161000 6960 1.29 0.02 0.2 0.2 0.2 .128 1.28 1.28 1.28 
161316 11760 1.93 0.3 0.5 0.45 0.5 1.14 1.89 1.70 1.89 
161520 7440 1.29 0.2 0.3 0,3 0.3 1.20 1.80 1.80 1.80 
171024 68640 - - . . _ 



Table C.l Hydraulic Conductivity (injection pressure - 34 kPa (5 psi))--Continued 

Date of 
Reading 

Time 
Between 
Reading 
(sec) 

Total 
Volume In 
(cm3) 

Volume Out/Tube 
(cm3) 

2 3 

Unadjusted 
Hydraulic Conductivity 

(x 10*8 cm/s) 
12 3 4 

171150 5160 1.29 0.3 0.35 0.35 0.4 2.59 3.02 3.02 3.45 
182011 116460 21.88 2.25 3.7 3.55 4.05 .862 1.42 1.36 1.55 
201002 136260 23.81 2.1 4.35 3.45 3.85 .685 1.45 1.13 1.26 
201005 180 - - . • _ _ _ 

211175 93120 - - - • • _ 

211430 9180 1.29 0.35 0.4 0.4 0.4 1.70 1.94 1.94 1.94 
211743 11580 1.93 0.3 0.5 0.4 0.5 1.15 1.93 1.54 1.93 
211746 180 - - - - _ _ _ 

221310 69840 12.23 1.3 2.1 2.05 1.9 .831 1.34 1.31 1.21 
230951 74460 12.23 1.33 2.25 2.05 2.0 .795 1.35 1.23 1.20 
230952 60 - - - _ _ _ 

231615 22980 3.22 1.0 1.1 0.9 1.1 1.94 2.13 1.74 2.13 
240757 56520 9.65 0.9 1.6 1.5 1.4 .709 1.26 1.18 1.10 
241830 37980 5.79 1.4 1.6 1.6 1.7 1.64 1.88 1.88 2.00 
241835 300 - - - • _ • • _ 

251620 78300 13.51 1.85 2.6 2.55 2.2 1.05 1.52 1.45 1.25 
280924 234240 - - - - * _ 

290953 88140 12.87 1.8 3.0 2.7 2.6 .909 1.52 1.37 1.31 
291223 9000 1.29 0.25 0.35 0.3 0.3 1.24 1.73 1.48 1.48 
291227 240 - - - - _ _ 

291619 13920 10.94 0.6 0.7 0.7 0.7 1.92 2.24 2.24 2.24 
300800 56460 9.33 0.7 1.45 1.3 1.25 .551 1.15 1.03 .988 
301549 28140 2.90 0.85 1.0 1.0 1.05 1.35 1.58 1.58 1.66 
310845 60960 - - - - _ _ 
311311 15960 1.93 0.7 0.75 0.75 0.75 1.95 2.09 2.09 2.09 

June 
051549 - - - _ • _ _ _ 

060745 57360 11.58 0.6 1.0 1.05 0.85 .465 .776 .815 .661 



Table C.l Hydraulic Conductivity (injection pressure - 34 kPa (5 psi))--Continued 

Date of 
Reading 

Time 
Between 
Reading 
(sec) 

Total 

Volume In 
(cm3) 

Volume Out/Tube 
(cm3) 

2 3 

Unadjusted 
Hydraulic Conductivity 

(x 10"® cm/s) 

12 3 4 

061739 35640 1.93 1.3 1.35 1.35 1.30 1.63 1.69 1.69 1.63 
071025 60360 8.37 0.5 1.05 1.10 1.05 3.69 .776 .811 .776 
071053 1680 - - - . - • • • 

071651 21480 7.08 1.4 1.5 1.55 1.35 2.91 3.11 3.22 2.80 
081518 80820 17.37 2.45 2.65 1.6 2.50 1.35 1.46 .882 1.38 
100822 147840 - - - - - . _ _ 

101640 29880 25.10 1.55 1.45 1.15 1.45 2.31 2.16 1.72 2.16 
111645 86700 14.80 2.55 2.55 1.75 2.55 1.31 1.31 .898 1.31 
111656 660 - - - - - - _ -

120809 54780 10.62 0.9 1.0 0.6 .95 .732 .815 .488 .772 
121029 8400 0.32 0.2 0.2 0.15 .25 1.06 1.06 .795 1.33 
121836 29220 1.29 1.1 1.05 0.7 0.9 1.68 1.60 1.07 1.68 
130612 41760 5.47 0.3 0.55 1.25 0.65 .320 .587 1.33 .693 
131816 43440 2.57 1.55 2.5 2.2 1.25 1.59 2.56 2.26 1.28 
131820 240 - - - - . _ 

141052 59520 7.72 0.9 .95 .85 .85 .673 .713 .638 .638 
150730 74280 6.44 1.5 1.5 .75 1.45 .902 .902 .449 .870 
151520 28200 2.57 .85 .85 .25 .80 1.34 1.34 .394 1.26 
161700 84720 9.01 1.9 1.95 .35 1.9 1.00 1.03 .184 1.00 
161705 300 - - - . . _ _ 

171046 63660 6.44 1.1 1.1 .25 1.0 .772 .772 .175 .701 
171730 24220 1.93 .95 .95 .65 1.05 1.75 1.75 1.20 1.93 
171730 - - - - • _ • 

181615 89100 9.65 1.4 1.4 .90 1.4 .701 .701 .449 .701 
191117 68520 6.44 1.0 1.1 0.4 1.0 .650 .717 .260 .650 
191648 19860 1.29 1.2 1.15 0.8 1.1 2.69 2.58 1.80 2.47 
191650 120 - - - - . . _ _ 

200852 57720 8.37 0.5 0.7 0.1 0.6 .386 .539 .077 .465 
201617 26700 .32 1.2 1.1 0.8 1.1 2.00 1.83 1.33 1.83 



Table C.l Hydraulic Conductivity (injection pressure - 34 kPa (5 psi))--Continued 

Time Unadjusted 
Between Total Volume Out/Tube Hydraulic Conductivity 

Date of Reading Volume In (cm3) (x 10"8 cm/s) 
Reading (sec) (cm3) 1234 1234 

210930 61980 13.19 .25 .35 0.05 .35 .180 .252 .036 .252 
211525 21300 6.44 .85 1.45 .55 .85 1.78 1.67 1.15 1.78 
211544 1140 18.66 .05 0 0.1 .05 1.95 0 3.63 1.95 
221551 86820 37.32 2.15 2.25 1.1 1.85 1.10 1.15 .563 .949 
221601 600 - - . • » _ • 

231545 85440 15.44 2.7 2.7 2.0 2.5 1.41 1.41 1.04 1.30 
240805 58800 11.58 1.45 1.5 .9 1.35 1.10 1.14 .681 1.02 
240808 180 - - - - - • • 

241603 28500 4.50 1.7 1.6 1.45 1.6 2.66 2.50 2.27 2.50 
250825 58920 11.58 1.0 1.05 .75 .90 .756 .795 .567 .681 
251512 24420 2.57 1.15 1.15 .85 1.15 2.10 2.10 1.55 2.10 
251519 420 - - - - • _ 
260809 60600 11.58 1.0 1.05 .85 .95 .736 .772 .626 .697 
261452 24180 3.22 1.1 1.1 .90 1.05 2.03 2.03 1.66 1.94 
261507 900 - - - - • - • • 

270807 61200 14.80 1.4 1.45 .80 1.25 1.02 1.06 .583 .909 
280723 83760 13.51 1.1 .65 4.0 3.55 .587 .346 2.13 1.89 
280726 180 - - - _ - • _ 

281714 35280 4.50 1.9 1.8 1.35 1.75 2.40 2.27 1.70 2.21 
291525 79860 - - - - - - - - -

July 
010524 136740 34.75 3.65 3.6 2.05 3.35 1.19 1.17 .669 1.09 
011656 41520 5.47 1.7 1.7 1.0 1.7 1.82 1.82 1.07 1.82 
020740 52980 9.97 1.1 1.2 .9 1.05 .925 1.01 .756 .882 
021621 31260 3.22 1.65 1.55 1.25 1.55 2.35 2.21 1.78 2.21 
030337 40560 6.11 .70 .75 .45 .7 .768 .823 ,496 .768 
030828 17460 3.22 .30 .35 .1 .3 .764 .894 .255 .764 
030947 4740 .32 .25 .20 .15 .25 2.35 1.88 1.41 2.35 



Table C.l Hydraulic Conductivity (injection pressure - 34 kPa (5 psi))--Continued 

Time Unadjusted 
Between Total Volume Out/Tube Hydraulic Conductivity 

Date of Reading Volume In (cm3) (x 10*fl cm/s) 
Reading (sec) (cm3) 1234 1234 

031329 13320 1.93 .7 .7 .45 .65 2.34 2.34 1.50 2.17 
031333 240 - - - . _ • • m 

031845 18720 1.61 .85 .80 .7 .8 2.02 1.91 1.67 1.91 
041112 59220 11.91 .95 1.05 .75 .9 .717 .791 .563 .677 

041741 23340 2.57 1.2 1.15 .9 1.15 2.29 2.20 1.72 2.20 
050413 37920 6.44 .55 .6 .25 .5 .646 .705 .294 .587 
050416 180 - - - • • - • 

051520 39840 4.50 1.5 1.5 1.3 1.5 1.68 1.68 1.45 1.68 
071940 188400 - - - - . _ • 

080745 43500 7.08 .9 .7 .6 .7 .921 .717 .614 .717 
081630 31500 1.93 1.6 1.5 1.25 1.6 2.26 2.12 1.77 2.26 
081632 120 - - - - - • 

090334 39720 7.08 0.45 0.5 0.5 0.4 .504 .559 .559 .449 
091548 44040 5.79 1.9 1.85 1.65 1.8 1.92 1.87 1.67 1.82 
100545 50220 7.40 0.25 0.35 0.4 0.3 .220 .311 .354 .268 
101730 42300 4.18 1.75 1.65 1.4 1.6 1.84 1.74 1.48 1.69 
101735 300 - - - - • . • • 

111610 81300 10.30 2.45 2.45 2.5 2.35 1.34 1.34 1.37 1.29 
111619 540 - - - • _ • 

120916 61020 9.97 1.25 1.3 1.4 1.15 .913 .949 1.02 .839 
121718 28920 2.25 1.45 1.4 1.35 1.45 2.24 2.16 2.08 2.24 
131509 78660 12.23 1.4 1.45 1.45 1.3 2.01 2.09 2.09 1.87 
131515 360 - - - - . _ _ 

141532 83820 12.23 2.15 2.2 2.2 2.05 1.14 1.17 1.17 1.09 
150933 68460 8.69 1.15 1.2 1.3 1.1 .748 .780 .846 .717 
151549 22560 1.61 1.6 1.5 1.4 1.4 3.16 2.96 2.76 2.76 
151758 7740 - - - _ _ 
160821 51780 7.72 0.7 0.8 0.9 0.65 .602 .689 .776 .559 



Table G.l Hydraulic Conductivity (injection pressure - 34 kPa (5 psi))--Continued 

Date of 
Reading 

Time 
Between 
Reading 
(sec) 

Total 
Volume In 
(cm3) 

Volume Out/Tube 
(cm3) 

2 3 

Unadjusted 
Hydraulic Conductivity 

(x 10"8 cm/s) 
12 3 4 

161647 30360 - - - • - m 

170817 55800 -3.54 -0.05 0.1 0.2 0 0 .079 .161 0 
171703 31560 10.94 1.25 1.15 1.1 1.15 1.76 1.62 1.56 1.62 
171706 180 - . - . . • 

180818 54720 7.08 0.95 1.05 1.15 0.9 .776 .854 .937 .732 
181508 24600 3.22 0.9 0.85 0.85 0.9 1.63 1.54 1.54 1.63 
190812 61440 9.65 0.85 0.9 1.05 0.75 .618 .654 .760 .543 
191736 33840 2.90 1.2 1.25 1.15 1.2 1.58 1.65 1.52 1.58 
191740 240 - - - - - • • 

201930 93000 11.91 2.0 2.0 2.2 1.9 .957 .957 1.06 .909 
211314 63480 8.37 1.35 0.4 1.45 1.3 .941 .976 1.01 .906 
211322 480 - - - . _ • 

220741 65940 8.37 1.5 1.45 1.6 1.4 1.01 .980 1.08 .945 
221709 34080 2.57 1.3 1.3 1.3 1.3 1.70 1.70 1.70 1.70 
230801 53520 7.72 0.6 0.65 0.8 0.55 .500 .539 .665 .457 
231000 7140 - - - • _ • 

231832 30720 3.22 1.4 1.4 1.4 1.4 2.03 2.03 2.03 2.03 
231834 120 - - - - _ • 

240757 48180 7.72 0.8 0.9 1.1 0.75 .740 .831 1.02 .693 
241655 32280 2.57 1.5 1.4 1.4 1.45 2.07 1.93 1.93 2.00 
250806 54660 10.30 0.45 0.6 0.7 0.4 .366 .488 .567 .327 
251815 36540 3.86 1.4 1.35 1.4 1.4 1.71 1.65 1.71 1.71 
251818 180 - - - • • 

260819 50460 7.72 0.75 0.8 1.05 0.75 .661 .705 .929 .661 
261615 28560 3.22 1.3 1.25 1.3 1.25 2.03 1.95 2.03 1.95 
270809 57240 6.76 0.95 0.95 1.05 0.85 .740 .740 .819 .661 
270816 420 - - - . . _ 

290817 172860 23.17 4.0 4.2 4.6 3.95 1.03 1.08 1.19 1.02 
290838 1260 . • . __ . _ 



Table C.l Hydraulic Conductivity (injection pressure - 34 kPa (5 psi))--Continued 

Time Unadjusted 

Date of 

Reading 

Between 
Reading 
(sec) 

Total 
Volume In 
(cm^) 1 

Volume Out/Tube 
(cm3) 

2 3 4 

Hydraulic Conductivity 
(x 10*8 cm/s) 

12 3 4 

291713 30900 1.93 1.95 1.2 2.0 1.3 2.81 1.73 1.70 1.87 
300711 50280 14.48 .6 .7 .85 .55 .531 .622 .752 .488 
300720 540 - - - - - - - - -

301653 34380 6.44 1.45 1.4 1.45 1.45 1.88 1.54 1.88 1.88 
310746 53580 4.50 0.55 0.4 0.8 0.5 .457 .500 .665 .417 
310800 840 - - - - - - - - -

311720 33600 2.90 1.55 1.5 1.6 1.55 2.06 1.99 2.12 2.06 

August 
010755 52500 8.69 0.35 0.45 0.65 0.3 .295 .382 .551 .256 
011659 32640 2.25 1.25 1.2 1.25 1.2 1.70 1.64 1.70 1.64 
011717 1080 - - - - - - - - -

020814 53820 8.04 0.75 0.8 1.0 0.7 .622 .661 .827 .579 



Table C.2 Loss of Saturation (injection pressure — 34 kPa (5 psi)) 

Date of 
Reading 

Time 
Between 
Reading 
(sec) 

Total 
Volume In 
(cm3) 

Volume Out/Tube 
(cm3) 

2 3 

Loss to Saturation/Tube 
(cm3) 

12 3 4 

May 
051915 12300 9.01 0.6 0.4 0.35 0.4 1.65 1.85 1.90 1.85 
061150 59700 38.29 2.0 1.6 1.15 1.5 7.57 7.97 8.42 8.07 
061440 10200 4.83 0.4 0.4 6.3 0.45 0.81 0.81 0.91 0.76 
061535 3300 0.97 0.2 0.15 0.0 0.1 0.04 0.09 0.24 0.14 
061540 300 - - . - _ 

061718 5580 3.22 0.3 0.26 0.25 0.36 0.50 0.54 0.55 0.44 
062316 21480 11.58 0.7 0.4 0.45 0.54 2.20 2.50 2.45 2.36 
071800 67440 20.59 2.65 2.05 1.3 1.9 2.50 3.10 3.85 3.25 
071835 2100 - - - • _ _ 

072320 17100 3.86 0.85 0.45 0.45 0.6 -0.05 0.35 0.35 0.20 
090850 120600 - -1.6 -1.25 -0.65 -0.3 4.84 6.19 5.79 6.14 
091229 13140 1.29 -0.65 0.5 0.4 0.5 -0.33 -0.18 -0.08 -0.18 
091426 7020 0.97 -0.1 0.2 0.23 0.3 0.14 0.04 0.01 -0.06 
091700 9420 1.61 -0.11 0.4 0.27 0.35 0.29 0.002 0.13 0.05 
101730 88220 14.16 0.11 2.3 1.6 2.15 3.43 1.24 1.94 1.39 
140925 316500 - - - • - • • 

141238 11580 5.79 0.9 1.1 1.1 0.95 0.55 0.35 0.35 0.50 
141421 6180 2.57 0.3 0.4 0.4 0.35 0.34 0.24 0.24 0.29 
151003 70920 - - . • . • m 

151129 5160 0.64 0.15 0.3 0.2 0.25 0.01 -0.14 -0.04 -0.09 
151322 6780 1.93 0.25 0.3 0.35 0.35 0.23 0.18 0.13 0.13 
151512 6600 1.29 0.23 0.3 0.3 0.3 0.09 0.02 0.02 0.02 
151610 3480 0.64 0.08 0.2 0.15 0.2 0.08 -0.04 0.01 -0.04 
160804 57240 14.16 0.72 1.8 1.7 1.5 2.82 1.74 1.84 2.04 
161000 6960 1.29 0.02 0.2 0.2 0.2 0.30 0.12 0.12 0.12 
161316 11760 1.93 0.3 0.5 0.45 0.5 0.18 -0.02 0.03 -0.02 
161520 7446 1.29 0.2 0.3 0.3 0.3 0.12 0.02 0.02 0.02 
171024 68640 _ • _ 



Table C.2 Loss of Saturation (injection pressure - 34 kPa (5 psi))--Continued 

Time 

Date of 

Reading 

Between 
Reading 
(sec) 

Total 
Volume In 
(cm3) 1 

Volume Out/Tube 
(cm3) 

2 3 4 

Loss 

1 

to Saturation/Tube 
(cm3) 
2 3 4 

171150 5160 1.29 0.3 0.35 0.35 0.4 0.02 -0.03 -0.03 -0.08 
182011 116460 21.88 1.25 3.7 3.55 4.05 3.22 1.77 1.92 1.42 
201002 136260 23.81 2.1 4.35 3.45 3.85 3.85 1.60 2.50 2.10 
201005 180 - - • • 

211157 93120 - - • • • _ m 

211430 9180 1.29 0.35 0.4 0.4 0.4 -0.03 -0.08 -0.08 -0.08 
211743 11580 1.93 0.3 0.5 0.4 0.5 0.18 -0.02 0.08 -0.02 
211746 180 - . _ • m _ 

221310 69840 12.23 1.3 2.1 2.05 1.9 1.76 0.96 1.01 1.16 
230951 74460 12.23 1.33 2.25 2.05 2.0 1.73 0.81 1.01 1.06 
230952 60 - - - - _ • 

231615 22980 3.22 1.0 1.1 0.9 1.1 -0.20 -0.30 -0.10 -0.30 
240757 56520 9.65 0.9 1.6 1.5 1.4 1.51 0.81 0.91 1.01 
241830 37980 5.79 1.4 1.6 1.6 1.7 0.05 -0.15 -0.15 -0.25 
241835 300 - • • • 

251620 78300 13.51 1.85 2.6 2.55 2.2 1.53 0.78 0.83 1.18 
280924 234240 - - - • 

290953 88140 12.87 1.8 3.0 2.7 2.6 1.42 0.22 0.52 0.62 
291223 9000 1.29 0.25 0.35 0.3 0.3 0.07 -0.03 0.02 0.02 
291227 240 - - _ _ • m 

291619 13920 10.94 0.6 0.7 0.7 0.7 -0.12 -0.22 -0.22 -0.22 
300800 56460 9.33 0.7 1.45 1.3 1.25 1.63 0.88 1.03 1.08 
301549 28140 2.90 0.85 1.0 1.0 1.05 -0.13 -0.28 -0.28 -0.33 
310845 60960 - - * - * 

311311 15960 1.93 0.7 0.75 0.75 0.75 -0.22 -0.27 -0.27 -0.27 

June 
051549 - - • _ _ _ _ 

060745 57360 11.58 0.6 1.0 1.05 0.85 2.30 1.90 1.85 2.05 



Table C.2 Loss of Saturation (injection pressure - 34 kPa (5 psi))--Continued 

Time 
Between Total Volume Out/Tube Loss to Saturation/Tube 

Date of Reading Volume In (cm3) (cm3) 
Reading (sec) (cm3) 1 2 3 4 1 2 3 4 

061739 35640 1.93 1.3 1.35 1.35 1.30 -0.82 -0.87 -0.87 -0.82 
071025 60360 8.37 0.5 1.05 1.10 1.05 1.59 1.04 0.99 1.04 
071053 1680 - - - , _ 

071651 21480 7.08 1.4 1.5 1.55 1.35 0.37 0.27 0.22 0.42 
081518 80820 17.37 2.45 2.C5 1.6 2.5 1.89 1.69 2.74 1.84 
100822 147840 - - - • • 

101640 29880 25.10 1.55 1.45 1.15 1.45 -0.50 -0.40 -0.10 -0.40 
111645 86700 14.80 2.55 2.55 1.75 2.55 1.15 1.15 
111656 660 - - . • • 

120809 54780 10.62 0.9 1.0 0.6 0.95 1.95 1.65 ,2.05 1.70 
121029 8400 0.32 0.2 0.2 0.15 0.25 -0.72 -0.12 •i0.07 -0.17 
121836 29220 1.29 1.1 1.05 0.7 0.9 -0.78 -0.73 -0.38 -0.78 
130612 41760 5.47 0.3 0.55 1.25 0.65 1.07 0.82 0.12 0.72 
131816 43440 2.57 1.55 2.5 2.2 1.25 -0.91 -1.86 -1.56 -0.61 
131820 240 - - . - • , _ 

141052 59520 7.72 0.9 0.95 0.85 0.85 1.03 0.98 1.08 -13.07 
150730 74280 6.44 1.5 1.5 0.75 1.45 0.11 0.11 0.86 0.16 
151520 28200 2.57 0.85 0.85 0.25 0.80 -0.21 -0.21 .0.39 -0.16 
161500 84720 9.01 1.9 1.95 0.35 1.9 0.35 0.30 1.9 0.35 
161705 7500 - - - _ _ 

171046 63660 6.44 1.1 1.1 0.25 1.0 0.51 0.51 1,36 0.61 
171730 24240 1.93 0.95 0.95 0.65 1.05 -0.47 -0.47 -0.17 -0.57 
171730 - - - - _ _ _ 

181615 89100 9.65 1.4 1.4 0.90 1.4 1.01 1.01 1.51 1.01 
191117 68520 6.44 1.0 1.1 0.4 1.0 0.61 0.51 1.21 0.61 
191648 19860 1.29 1.2 1.15 0.8 1.1 -0.88 -0.83 -0.48 -0.78 
191650 120 - - . * _ _ 

200852 57720 8.37 0.5 0.7 0.1 0.6 1.59 1.39 1.99 1.49 
201617 26700 0.32 1.2 1.1 0.8 1.1 -1.12 -1.02 -0.72 -1.02 



Table C.2 Loss of Saturation (injection pressure - 34 kPa (5 psi))--Continued 

Date of 
Reading 

Time 
Between 
Reading 
(sec) 

Total 
Volume In 
(cm3) 1 

Volume Out/Tube 
(cm3) 

2 3 4 

Loss 

1 

to Saturation/Tube 
(cm3) 
2 3 4 

210930 61980 13.19 0.25 0.35 0.05 0.35 3.05 2.95 3.25 2.95 
211525 21300 6.44 0.85 1.45 0.55 0.85 0.76 0.81 1.06 0.76 
211544 1140 18.66 0.05 0 0.1 0.05 4.62 4.67 4.57 4.62 
221551 86820 37.32 2.15 2.25 1.1 1.85 7.18 7.08 8.23 7.48 
221601 600 - - - - • _ 

231545 85440 15.44 2.7 2.7 2.0 2.5 1.16 1.16 1.86 1.36 
240805 58800 11.58 1.45 1.5 0.9 1.35 1.45 1.40 2.00 1.55 
240808 180 - • - . • 

241603 28500 4.50 1.7 1.6 1.45 1.6 -0.57 -0.47 -0.32 -0.47 
250825 58920 11.58 1.0 1.05 0.75 0.90 1.9 1.85 2.15 2.00 
251512 24420 2.57 1.15 1.15 0.85 1.15 -0.51 -0.51 -0.21 -0.51 
251519 420 - - • • _ _ 

260809 60600 11.58 1.0 1.05 0.85 0.95 1.90 1.85 2.05 1.95 
261452 24180 3.22 1.1 1.1 0.90 1.05 -0.3 -0.3 -0.1 -0.25 
261507 900 - - - • . _ _ _ _ 
270807 61200 14.80 1.4 1.45 0.80 1.25 2.30 2.25 2.90 2.45 
280723 83760 13.51 1.1 0.65 4.00 3.55 2.28 2.73 -0.62 -0.17 
280726 180 - - - - - - . _ _ 

281714 35280 4.50 1.9 1.8 1.35 1.75 -0.77 -0.67 -0.22 -0.62 
291525 79860 - - - - - - - - -

July 
010524 136740 34.75 3.65 3.6 2.05 3.35 5.04 5.09 6.64 5.34 
011656 41520 5.47 1.7 1.7 1.0 1.7 -0.33 -0.33 0.37 -0.33 
020740 52980 9.97 1.1 1.2 .9 1.05 1.39 1.29 1.59 1.44 
021621 31260 3.22 1.65 1.55 1.25 1.55 -0.85 -0.75 -0.45 -0.75 
030337 40560 6.11 .70 .75 .45 .7 0.83 0.78 1.08 0.83 
030828 17460 3.22 .30 .35 .1 .3 0.50 0.45 0.70 0.50 
030947 4740 .32 .25 .20 .15 .25 -0.17 -0.12 -0.07 -0.17 



Table C.2 Loss of Saturation (injection pressure - 34 kPa (5 psi))--Continued 

Time 

Date of 
Reading 

Between 
Reading 
(sec) 

Total 
Volume In 
(cm3) 1 

Volume Out/Tube 
(cm3) 

2 3 4 

Loss 

1 

to Saturation/Tube 
(cm3) 

2 3 4 

031329 13320 1.93 .7 .70 .45 .65 -0.22 -0.22 0.03 -0.17 
031333 240 - - - • - • 

031845 18720 1.61 .85 .80 .7 .8 -0.45 -0.4 -0.3 -0.4 
041112 59220 11.91 .95 1.05 .75 .9 2.03 1.93 2.23 2.08 
041741 23340 2.57 1.2 1.15 .9 1.15 -0.56 -0.51 -0.26 -0.51 
050413 37920 6.44 .55 .6 .25 .5 1.06 1.01 1.36 1.11 
050416 180 - - - . • _ 

051520 39840 4.50 1.5 1.5 1.3 1.5 -0.37 -0.37 -0.17 -0.37 
071940 188400 - - • _ • _ 

080745 43500 7.08 .9 .7 .6 .7 0.87 1.07 1.17 1.07 
081630 31500 1.93 1.6 1.5 1.25 1.6 -1.12 -1.02 -0.77 -1.12 
081632 120 - . - • * 

090334 39720 7.08 .45 .5 .5 .4 1.32 1.27 1.27 1.37 
091548 44040 5.79 1.9 1.85 1.65 1.8 -0.45 -0.40 -0.20 -0.35 
100545 50220 7.40 .25 .35 .4 .3 1.60 1.50 1.45 1.55 
101730 42300 4.18 1.75 1.65 1.4 1.6 -0.70 -0.60 -0.35 -0.55 
101735 300 - - - . • • • _ 

111610 81300 10.30 2.45 2.45 2.5 .35 0.12 0.12 0.07 0.22 
111619 540 - - - • • • • _ 

120916 61020 9.97 1.25 1.3 1.4 1.15 1.24 1.19 1.09 1.34 
121718 28920 2.25 1.45 1.4 1.35 1.45 -0.89 -0.84 -0.79 -0.89 
131509 78660 12.23 1.4 1.45 1.45 1.3 _ _ 

131515 360 - - . _ • • 

141432 83820 12.23 2.15 2.2 2.2 2.05 0.91 0.86 0.86 1.01 
150933 68460 8.69 1.15 1.2 1.3 1.1 1.02 0.97 0.87 1.07 
151549 22560 1.61 1.6 1.5 1.4 1.4 -1.20 -1.10 -1.00 -1.00 
151758 7740 - - • • _ _ 

160821 51780 7.72 .7 .8 .9 .65 1.23 1.13 1.03 1.28 
161647 30360 - - _ . 



Table C.2 Loss of Saturation (injection pressure - 34 kPa (5 psi))--Continued 

Time 

Date of 
Reading 

Between 

Reading 
(sec) 

Total 
Volume In 
(cm3) 1 

Volume Out/Tube 
(cm3) 

2 3 4 

Loss to Saturation/Tube 
(era3) 

12 3 4 

170817 55800 -3.54 -0.05 .1 .2 0 0.83 0.78 0.68 0.88 
171703 31560 10.94 1.25 1.15 1.1 1.15 1.48 1.58 1.63 1.58 
171706 180 - - - • • • 

180818 54720 7.08 .95 1.05 1.15 .9 0.82 0.72 0.62 . 0.87 
181508 24600 3.22 .9 .85 .85 .9 -0.10 -0.05 -0.05 -0.10 
190812 61440 9.65 .85 .9 1.05 .75 1.56 1.51 1.36 1.66 
191736 33840 2.90 1.2 1.25 1.15 1.2 -0.48 -0.53 -0.43 -0.48 
191740 240 - - _ 

201930 93000 11.91 2.0 2.0 2.2 1.9 0.98 0.98 0.78 1.08 
211314 63840 8.37 1.35 .4 1.45 1.3 0.74 0.69 0.64 0.79 
211322 480 - - - - • _ 
220741 65940 8.37 1.5 1.45 1.6 1.4 0.59 0.64 0.49 0.69 
221709 34080 2.57 1.3 1.3 1.3 1.3 -0.66 -0.66 -0.66 -0.66 
230801 53520 7.72 .6 .65 .8 .55 1.33 1.28 1.13 1.38 
231000 7140 - - . _ 

231832 30720 3.22 1.4 1.4 1.4 1.4 -0.6 -0.6 -0.6 -0.6 
231834 120 - - - - . _ _ 

240757 48180 7.72 .8 .9 1.1 .75 1.13 1.03 0.83 1.18 
241655 32280 2.57 1.5 1.4 1.4 1.45 -0.86 -0.76 -0.76 -0.81 
250806 54660 10.30 .45 .6 .7 .4 2.12 1.97 1.87 2.17 
251815 36540 3.86 1.4 1.35 1.4 1.4 -0.43 -0.38 -0.43 -0.43 
251818 180 - - - - • 

260819 50460 7.72 .75 .8 1.05 .75 1.18 1.13 0.88 1.18 
261615 28560 3.22 1.3 1.25 1.3 1.25 -0.5 -0.45 -0.5 -0.45 
270809 57240 6.76 .95 .95 1.05 .85 0.74 0.74 0.64 0.84 
270816 420 - - - . • _ 

290817 172860 23.17 4.0 4.2 4.6 3.95 1.79 1.59 1.19 1.84 
290838 1260 - - - _ • _ 

291713 30900 1.93 1.95 1.2 2.0 1.3 -1.47 -0.72 -1.52 -0.82 



Table C.2 Loss of Saturation (injection pressure - 34 kPa (5 psi))--Continued 

Time 

Date of 
Reading 

Between 
Reading 
(sec) 

Total 
Volume In 
(cm3) 1 

Volume Out/Tube 
(cm3) 

2 3 4 

Loss to Saturation/Tube 
(cm3) 

12 3 4 

300711 50280 14.48 .6 0.7 .85 .55 3.02 2.92 2.77 3.07 
300720 540 - - - - - - - - -

301653 34380 6.44 1.45 1.4 1.45 1.45 0.16 0.21 0.16 0.16 
310746 53580 4.50 .55 .4 .8 .5 0.58 0.53 0.33 0.63 
310800 840 - - - - - - - - -

311720 33600 2.90 1.55 1.5 1.6 1.55 -0.83 -0.78 -0.88 -0.83 

August 
010755 52500 8.69 .35 .45 .65 .3 1.82 1.72 1.52 1.87 
011659 32640 2.25 1.25 1.2 1.25 1.2 -0.69 -0.64 -0.69 -0.64 
011717 1080 - - - - - - - - -

020814 53820 8.04 .75 .8 1.0 .7 1.26 1.21 1.01 1.31 



APPENDIX D 

BENTONITE PLUG CONSOLIDATION TEST DATA 
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Table D.l Consolidation Outflow from Bentonite Plug in Tube 5 at 69 
kPa (10 psi) 

Time Outflow 
fminl fee") 

0 0 
5 2.6 
30 4.4 
55 6.0 
170 7.8 
370 11.3 
970 16.3 
1454 19.8 
1753 21.1 
2151 22.5 
2813 25.3 
2863 25.8 
3868 38.3 
5108 41.45 
7125 46.4 
8598 49.7 
9683 51.1 
11107 56.8 
12843 61.6 
15711 66.2 
17959 77.5 
20366 82.0 
23193 87.4 
25122 92.2 
28114 98.8 
30192 103.1 
32926 108.9 
35285 117.2 
37327 120.4 
39605 124.7 
41992 136.6 
42472 138.4 
43808 143.1 
44886 144.3 
45394 146.1 
46703 148.05 
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Table D.2 Consolidation Outflow from Bentonite Plug in Tube 6 at 69 kPa 
(10 psi) 

Time Outflow 
(min 1) ( c c )  

0 0 
5 2.2 
30 4.0 
55 5.0 
170 7.1 
370 10.5 
970 25.8 
1454 29.1 
1753 30.4 
2151 31.8 
2813 34.6 
2863 35.0 
3868 47.5 
5108 50.15 
7125 54.2 
8598 57.3 
9683 58.5 
11107 67.8 
12843 69.2 
15711 74.7 
17959 84.4 
20366 87.9 
23193 92.6 
25122 97.9 
28114 103.8 
30192 107.6 
32926 112.6 
35285 123.5 
37327 125.4 
39605 129.4 
41992 143.1 
42472 144.7 
43808 148.2 
44886 149.4 
45394 151.0 
46703 162.7 
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Table D.3 Consolidation Outflow from Bentonite Plug in Tube 7 at 69 kPa 
(10 psi) 

Time Outflow 
fmin1) ( c c )  

0 0 
5 2.6 
30 4.6 
55 5.9 
170 8.3 
370 12.0 
970 30.3 
1454 33.8 
1753 35.2 
2151 36.6 
2813 39.5 
2863 40.8 
3868 61.5 
5108 65.2 
7125 70.2 
8598 73.7 
9683 75.0 
11107 79.9 
12843 83.3 
15711 90.0 
17959 97.4 
20366 101.7 
23193 107.5 
25122 112.3 
28114 118.5 
30192 123.1 
32926 129.8 
35285 137.9 
37327 141.1 
39605 145.1 
41992 157.6 
42472 159.4 
43808 163.8 
44886 165.2 
45394 166.2 
46703 168.85 
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Table D.4 Consolidation Outflow from Bentonite Plug in Tube 8 at 69 kPa 
(10 psi) 

Time 
fmin) 

Outflow 
(cc) 

0 
10 
830 
1300 
2847 
3900 
5235 
5665 
6829 

8120 
9595 
11433 
12855 
13208 
15080 
16493 
17526 
18915 
20358 
23139 
25239 
26821 
27687 
28077 
28648 
29317 
31007 
31863 
33049 
34623 
36688 
38194 

41116 
41977 

0 
0 . 1  
0 . 1  
0 . 1  
1.7 
1.3 
1.8 
1.9 
1.8 
1.8 
1.9 
1.8 
1.9 
1.8 
1.9 
1 . 8  
1 . 8  
1.8 
1.9 
1.8 
1.8 
1 . 8  
4.1 
6.3 
8 . 2  

11.3 
33.1 
36.2 
41.0 
50.1 
69.5 
B958Q). 

71.4 
97.9 
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Table D.5 Consolidation Outflow from Bentonite Plug in Tube 5 at 138 
kPa (20 psi) 

Time Outflow 
(min^ fee) 

0 00.a.45 
1 3.25 
2 3.85 
4 4.35 
8 5.45 
16 5.85 
32 7.85 
72 9.55 
342 14.05 
907 20.15 
1430 23.25 
2262 32.75 
4054 38.15 
5154 42.95 
5719 46.05 
6724 49.85 
7246 51.95 
8048 54.75 
8584 57.85 
9499 60.65 
10107 63.75 
10952 66.45 
11428 69.15 
12382 72.25 
15271 83.85 
15806 86.05 
16642 87.65 
17227 89.45 
18117 90.35 
18122 90.75 



Table D.6 Consolidation Outflow from Bentonite Plug in Tube 6 at 
138 kPa (20 psi) 

Time Outflow 
(mini Cccl 

0 00.1.8 
1 2.4 
2 3.0 
4 3.4 
8 4.4 

16 5.7 
32 6.8 
72 7.8 
342 12.1 
907 17.9 
1430 20.8 
2262 32.9 
4054 37.3 
5154 41.7 
5719 44.6 
6724 48.1 
7246 51.9 
8048 54.5 
8584 57.2 
9499 59.8 
10107 63.2 
10952 65.2 
11428 67.6 
12382 70.6 
15271 82.9 
15806 85.3 
16642 86.35 
17227 87.8 
18117 88.7 
18122 89.0 
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Table D.7 Consolidation Outflow from Bentonite Plug in Tube 7 at 
138 kPa (20 psi) 

Time Outflow 
fmin} Ccc) 

0 00.3.5 
1 3.3 
2 4.1 
4 4.6 
8 5.8 
16 6.6 
32 8.5 
72 9.7 
342 14.2 
907 20.2 
1430 23.4 
2262 32.7 
4054 38.3 
5154 43.3 
5719 46.6 
6724 51.2 
7246 52.3 
8048 55.3 
8584 58.5 
9499 61.4 
10107 64.6 
10952 67.5 
11428 70.1 
12382 73.6 
15271 83.4 
15806 87.2 
16642 88.5 
17227 90.1 
18117 91.2 
18122 91.6 



Table D.8 Consolidation Outflow from Bentonlte Plug in Tube 5 at 
207 kPa (30 psi) 

Time 
(mliO 

0 
.5 
1 
2 
4 
8 
16 
360 
496 
1336 
1832 
2736 
3349 
4328 

4821 
4951 
5886 
6374 
7331 
8017 
9156 
10565 
11521 
12036 
12967 
13596 
14396 

Outflow 

0 
1.7 
2.7 
3.6 
4.0 
4.6 
5.3 
9.5 
12.1 
18.95 
22.9 
27.1 
30.9 
34.0 
36.8 
37.7 
41.7 
45.5 
48.4 
43.0 
57.3 
63.0 
67.2 
70.1 
73.2 
76.3 
78.6 



Table D.9 Consolidation Outflow from Bentonite Plug in Tube 6 at 
207 kPa (30 psi) 

Time Outflow 
fmin^ fee") 

0 0 
.5 2.1 
1 2.3 
2 2.9 
4 3.4 
8 3.9 
16 4.8 
360 8.4 
496 10.9 
1336 17.5 
1832 21.2 
2736 25.3 
3349 29.0 
4328 32.0 
4821 34.6 
4951 35.3 
5886 38.6 
6374 42.2 
7331 44.9 
8017 48.3 
9156 52.4 
10565 57.9 
11521 61.9 
12036 64.6 
12967 67.6 
13596 70.5 
14396 72.7 



Table D.10 Consolidation Outflow from Bentonite Plug in Tube 7 
2u7 kPa (30 psi) 

Time Outflow 
fmin') ( cc) 

0 0 
.5 2.7 
1 3.0 
2 3.5 
4 3.9 
8 4.5 
16 5.4 
360 9.4 
496 12.1 
1336 19.1 
1832 23.0 
2736 27.4 
3349 31.4 
4328 34.6 
4821 37.5 
4951 38.2 
5886 40.8 
6374 44.6 
7331 47.6 
8017 52.2 
9156 56.7 
10565 62.7 
11521 67.1 
12036 69.9 
12967 73.2 
13596 76.5 
14396 78.7 



APPENDIX E 

LATE TIME SOLUTIONS FOR TRANSIENT TEST LABORATORY PLUG 
HYDRAULIC CONDUCTIVITY TESTING 

(Section 5.7.2) 

Upstream reservoir head (pressure) H decays 
as a fraction of applied pulsed 
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APPENDIX F 

TYPE CURVES FOR LABORATORY PLUG 
TRANSIENT HYDRAULIC CONDUCTIVITY TESTING 

upstream reservoir head (pressure) decay as a fraction 
of applied pulse H 

downstream reservoir head (pressure) build-up as a 
fraction of applied pulse H 
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