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“, A Preface

This report covers work carried out for the Australian Water
Resources Council on Research Project 71/25 "'Drilling and
Development Problems in Unconsolidated Sediments. " The study

- involved numerical an'aly’s}is'of the effects of permeability reduction -

and improvement caused by drilling and development in water well
construction and an experimental study of drilling mud invasion of
aquifer materials. '

The studies were carried out at the Water Research Laboratory
of the University of New South Wales under the supervision of the:
project leader, Mr.C.R.Dudgeon. Dr. P.S.Huyakorn was re-
sponsible for the numerical study reported in Part II while the ex-
periments with drilling mud described in Part III were the respons-
ibility of Mr. R.J.Cox.

The assistance of other members of the staff of the Water
Research Laboratory is gratefully acknowledged, -particularly that
of Mr. W.H.C.Swan who worked on the project in its early stages.
The authors also wish to expness their gratitude to members of the
project reference panel for practical guidance during the course of
the project.
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1. Introduction

The majority of water wells in Australia are drilled by either
cable tool or mud rotary methods. Each method has its advantages
and disadvantages, and both should be considered for any drilling op-
eration. Detailed descriptions and relative merits of the various
drilling techniques are well documented (in particular Gatlin, 1960;
Stanley,1973 and Johnson,1966).

All drilling methods impair the ability of an aquifer to deliver
water to a drilled hole. This impairment may be due to physical re-
arrangement of the matrix of the aquifer material. However, form-

“ation damage caused by the invasion of foreign fluids and/or solids in-
to the exposed aquifer is well recognised as the main cause of reduced
permeability around the hole.

‘ Any form of rotary drilling relies on excess hydrostatic head to
maintain an open hole. This pressure differential will naturally force
both drilling fluid and cuttings against the walls of the hole. If the
aquifer pores are large enough, then particles will be accepted by the
aquifer. This is particularly relevant where drilling mud is used.
The mud itself is composed of fine clay and/or polymer material which
can be forced a considerable distance into the aquifer despite the wall -
‘cake building properties of the muds.

Cable tool drilling churns the cuttings into a thick slurry and the
surging action of the tools can force slurry into the aquifer. There is
a trend towards increased usage of drilling muds with cable tool plants.
Mud additives can keep the casing free in swelling sections and their
use is essential in controlled artesian well completions. It is common
practice in New South Wales to construct holes larger than 12 inch
diameter with drilling mud to keep the hole open (no casing), using the
cable tool method (Johnstone, 1974).

The drilling mud, originally regarded only as a medium for 1lift-
ing the cuttings to the surface in rotary drilling, is now recognised as
a major factor in the successful completion of many drilling operations.

The deeper the drilling operation the more expensive and import-
ant is the maintenance of a suitable mud system. Drilling mud tech-
nology is quite sophisticated largely due to the demanding requirements
for drilling muds suitable for successful completion of oil wells under
a wide range of conditions. Much time and money has been spent by
the oil industry in examining many aspects of drilling mud control. The
text by Rogers (1963) is a detailed volume covering all facets of drilling
mud technology. An abundance of literature is also available through
technical papers distributed by the major mud supply companies.

Although both the oil and water well industries have individual
problems peculiar to themselves, there is an area of common interest
pertaining to the drilling, completion and development of efficient pro-’
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‘duction wells. It is the author's opinion that more use of the publish-

ed material from the oil industry should be made in groundwater app-
lications. A large volume of research has been published by the oil
well industry on the closely related subjects of formation damage and
lost circulation. Both Rogers (1963) and Gatlin (1960) review the
major contributions in this important field. No detailed resume will
be attempted here although references to publications of particular in-
terest are included in the bibliography. In broad terms the relevant
aspects of formation damage covered by this literature will now be
summarised.

(a) The mechanisms of formation and erosion, ease of removal, and
fluid loss control exhibited by the mud filter cake which builds up at
the walls of the hole have been studied for a wide range of muds and
drilling conditions.

(b} There has been considerable evidence of the formation of inter-
nal filter cake layers initiated by bridging of invasion solids within the
pores of the aquifer material.

{c) Substantial solid particle invasion is possible prior to the form-
ation of an effective stable wall and/or internal cake. ~

(d) The loss of the fluid component (filtrate) of the mud to the aquif-
er may continue even after the stable wall and/or internal cake layers
have formed. The continuing steady rate of loss of mud filtrate will
depend upon the permeability of the developed cake layers., The
depths of invasion of mud filtrate will thus be considerably greater
than those of the solids. In oil well applications filtrate invasion may
be highly detrimental to the aquifer. In water well applications fil-
trate invasion will generally not be a problem if a water base mud is
used (normally the case).

(e) Permanent reductions in the permeability of aquifer materials
have been found in many instances even after only minor exposure to
various drilling muds. This considerable formation damage could not
be removed even by extensive development.

Despite the literature from the oil industry, there are many un-
answered questions pertaining to the extent of possible formation dam-
age when drilling the aquifers commonly tapped for water supplies.
These uncertainties arise because of major differences in application
between the oil and water well fields which may be briefly summarised
as:-

(a) The aquifer materials considered good for water production are
far more permeable than those considered to be economically viable in
the oil industry.

(b) Drilling muds used in water well applications are usually low
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* solids - low weight water base muds which are a long way from the

complex, mud systems commonly employed in oil well drilling.

(c}) Bottom hole pressures and temperatures are low in drilling a
water well when compared to the extreme values commonly encounter-
ed in oil well drilling.

(d) The time to drill a water well is relatively short and as such the
aquifer is exposed to possible formation damage by the drilling mud
for only a limited period.

A more particular experimental investigation of the problem of
formation damage (and the related problem of lost circulation} as rel-
evant to the water well field was carried out during the course of this
project. A series of experiments was made in which a range of un-
consolidated aquifer materials were exposed to commonly used water
well drilling muds under various flow conditions. Details of these
experiments are set out in the following sections.

2. Experimental Testing

2.1 Generg}

The need for experimental investigation of possible formation

- damage to unconsolidated aquifer materials by exposure to drilling

muds under various flow conditions was discussed in Chapter 1. .

A description of the experimental mud circulation rig and its op-

- eration is given in this chapter. Details of testing procedures, aquif-
“er materials and mud systems tested, and further measurement tech-

niques are also included. Further background material is presented
where relevant,

2.2 Test Equipment

A schematic flow diagram of the experimental mud circulation
rig is shown in Figure 1.

The system shown was designed to circulate drilling mud parallel

" to the faces of aquifer material samples mounted in separate detachable

sample containers. Four samples could be mounted in the test appara-
tus cell at any one time. ' -

The 20 H. P, Warman 3/2 split casing slurry pump used was cap-
able of delivering 100 gpm against a head of 110 feet.

The test apparatus cell to which the individual aquifer samples
were attached consist of a 195 mm 1. D, P,V.C. pipe with an internal
centrally positioned 150 mm O, D. cylinder. The flow of mud through
the test cell took place in the annular space and simulated the dynamic
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flow conditions that exist up the hole above the bit during rotary drill-

ing.

The material samples were mounted in a vertical position be-
neath the test cell in such a manner that the exposed material surfaces
were flush with the outer 195 mm diameter of the annular mud flow
area. FEach material sample container could be easily attached and
detached from the test apparatus cell by a simple fitting involving an
'0Q' ring seal and five bolts equispaced around a flange. Details of
the sample containers and their coupling to the test cell are shown in
Figure 2. Each container was made from clear 90 mm 1. D, acrylic
pipe and when loaded contained a material sample 450 mm in length.
The aquifer material was constrained by a suitable filter cloth mount-
ed at the base of the sample as shown. Five piezometer tappings at
the spacing shown were set into the wall in a line along the length of
the container. FEach tapping was connected to a mercury water man-
ometer for measurement of the piezometric head within the aquifer
sample. The five tappings enabled reasonably reliable measure-
ment of permeability variations within the sample to be made at any

time.

Mud fluid which was discharged through the aquifer material
samples was collected in easily read measuring cylinders. Flexible
plastic tubing (25 mm diameter) was used to carry the passed fluid
from the base of the samples to the measuring cylinders. Flow from
a particular sample could be controlled by a valve below the relevant
measuring cylinder.

Under non-circulation conditions, the test apparatus cell could
be isolated and pressurised up to a value of 25 meires of water head
by connection to a high pressure constant head supply.

Mud was mixed and stored in the mud bin shown. To aid in mud
mixing and preparation the pump was used to circulate the mud through
the by-pass line.

The temperature of the mud was maintained at approximately an
atmospheric value by the coupling of a large refrigeration unit to. a
series of copper cooling coils set within the mud bin.

Both mud flow velocities and pressufes were controlled by suit-
able throttling of the valves within the system.

Mud flow velocities were measured by means of a calibrated el-
bow bend meter or an orifice in the base of a tank,

Pressure transducers were used to give a continuous recording
of mud flow pressure fluctuations in both the by-pass line and the test
apparatus cell. '
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2.3 Test ‘Procedure

The four different aquifer materials for exposure to the mud
flow were equally compacted in 50 mm layers when the sample contain-
ers were filled. The porosity of each material was calculated from
the measured weight of material required to fill the container. Each
container was mounted in the test apparatus cell which had been iso-
lated from the rest of the mud circulation system. The base dis-
charge end of each sample was connected through water filled plastic
tubing to the valve at the upstream side of the respective measuring
cylinder.

The test cell was connected to the high pressure constant water
supply tank and enough pressure applied to induce a flow of water
through each sample. After several hours of pressurised water flow,
all air had been removed from the sample materials. The piezometer
tappings in the walls of the now fully saturated samples were connect-
ed to their respective manometers. Permeability testing of the in-
dividual material samples was carried out by measuring the piezomet-
ric head variations along the sample for several monitored velocities
of flow through the material (see Section 2,5 for specific details).

The water within the test cell was drained until level with the
surfaces of the sample materials. This level was used as the refer-
ence datum line for all recorded pressure heads. The sample mater-
ials were thus in a fully saturated condition at the start of the: test.

All valves between the base of the samples and the measuring cylind-
ers were fully open. The measuring cylinders were so arranged that
an initial reading of zero was recorded at this stage. Prior to the
start of a test, 1 cubic metre of the desired mud was prepared by mix-
ing in the mud bin and/or circulating through the by-pass line at the
test flow rate and pressure. The flow rate and pressure were controll-
ed by suitable throttling of the valves in the system. During this time
the refrigeration unit controls were adjusted to maintain a constant
mud temperature at approximately the atmospheric value. Testing of
the mud properties (as described in detail in Section 2. 8) was carried
out at regular intervals during pre-test circulation to ensure that the
test would not be commenced until the properties of the mud were
reasonably constant. '

After satisfactory ageing of the mud system, the drilling mud was
introduced to the test cell. The mud flow velocity and pressure in the
test cell were quickly adjusted to the desired values within the initial
stages of the test. Usually this adjustment was completed within 15
seconds. In some tests, however, fluctuations occurred over the
duration of testing. In all tests the target value of mud velocity past
the face of the sample materials was 120 ft/min. which is a generally
accepted value consistent with efficient removal of cuttings when rotary
drilling with mud. Tor the majority of water wells drilled in Australia,
the downhole pressure differential between the mud and the aquifer will



‘never exceed 25 psi. Test target values for mud pressure above the

sample aquifer materials were either 10 psi or 20 psi.

For the duration of the test, readings were taken of cumulative
fluid discharged from each material sample. This enabled an estimate
of filtration rates and possible filter cake development with time of ex-
posure.

Regular mud property testing (as described in Section 2.6) was
carried out during the period of testing.

The piezometric head variations within each material were ob-
tained at specific times after the start of mud flow from photographs
taken of the manometer boards to which all sample tappings were conn-
ected. Generally photographs were taken at times of 3, 1, 2, 5, 10,
20, 40 and 60 minutes. The time variation of piezometric head dis-
tribution with a particular sample clearly defined changes in perm-
eability within the material. The position of filter cakes and/or in-
ternal cake seals with very low permeabilities were quite easily pin-
pointed from this piezometric head data.

After a certain period of mud circulation the flow through the
test cell was stopped. In some tests the mud was immediately washed
from the test apparatus whilst in others static mud exposure conditions
under various pressures were continued for different times.

Eventually all mud was drained from the test cell which was then
gently washed clean of all mud. In some instances the samples were
then removed and visually inspected before being remounted on the

~test cell.

Most samples tested suffered some degree of formation damage.
Further permeability testing of the material samples after varying de-
grees of attempted sample rehabilitation was carried out. In this
manner subjective evaluation of the possible effectiveness of different
methods of development was obtained. By comparison with the origin-
al unexposed material flow behaviour, estimates of possible permanent
formation damage were made.

Full details of each test are given in Appendix V.



2.4 Unconsolidated Aquifer Test Materials

The grain size distributions of the aquifer materials used in the
various mud exposure tests are shown in Figure 3. Generally the
sample materials were specifically made up to meet the required
grading. The make up material was drawn from both Nepean River
sands and gravels and Cronulla beach sands.

Useful measures of the distribution of particles within the mat-
erial are the effective diameter and the uniformity coefficient. The
effective diameter will be defined as the diameter that 10 per cent of
the material is finer than,Djg. The effective diameter can (with
reservations) be used as a guide to relative permeability differences
between similar materials. The uniformity coefficient defined as
the ratio of the Dgp to Dyq sizes is an index of the variation of particle
size grading within the material.

The important constants for each of the materials shown in
Figure 3 may be briefly tabulated.

Material Effective Uniformity
Number Diameter Coefficient
D1g(mm)} Dgg /D1

1 0.22 1.3

2 0.5 1.4

3 1.3 1.3

4 3.0 1.3

5 0. 24 3.7

6 0.5 7.2

3/16" Pea

Gravel 1.5 2.6

2.5 Permeability Testing of Material Samples

Controlled pressures could be applied to the isolated test cell
apparatus by suitable adjustment of the valve between the test cell and
the high pressure water supply tank. This applied pressure could be
used to induce water flow through any one of the loaded material
samples. By simultaneously recording both the piezometric head
distribution across the sample length and the flow rate through the
sample, the sample container could be effectively used as a perm-
eameter.

During mud circulation testing, pressure drops up to 20 psi were
to be applied across the sample materials. It was considered logical
to carry out permeameter testing of the aquifer materials at compar-
able values of hydraulic gradient. From pastl experience, it was rec-
ognised that many of the aquifer test materials would not obey Darcy's

AAS
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taw at such high gradients. To obtain a reasonable definition of the de-
gree of non-linear flow, permeameter testing of each material was
carried out over a range of applied pressures.

Only one material sample was tested at a time:

Pressure was applied gradually to the test cell until a flow from
the sample was induced. The pressure was then steadily increased to
a maximum value of 25 psi with the valve downstream from the sample
in a fully open position. Water was run through the sample at this
maximum possible flow rate for approximately 15 minutes. This pro-
cedure was employed to wash out very fine material from the sample and
to allow any possible settlement of the sample to occur prior to further
testing.

Both the piezometric head distribution across the sample and the
flow discharge from the sample were recorded for a range of decreasing
pressures applied to the test cell and measured by pressure transducer.
The velocity of flow through the sample was simply calculated from the
discharge rate obtained by volumetric measurement. Any inhomogeneity
in the sample was shown up in the distribution of piezometric head rec-
orded by the manometers to which the wall tappings were connected. The
head at the sample face was calculated from the reading given by the
pressure transducer in the top of the test cell.

Generally results were obtained for three flow velocities.

If the material exhibited non~-linear flow behaviour then the Forch-
heimer equation relating hydraulic gradient (i) and velocity (V) was
assumed to be applicable i.e.

i = av byl (1)

where a and b are referred to as the non-linear Forchheimer equation
coefficients.

The i-V relationship for each material was presented on a log-log
plot in the form i/V versus V. In this form materials obeying Darcy's
law are readily recognised since they plot as a horizontal line. A curve
away from the horizontal clearly indicates deviation from Darcy's law
by materials exhibiting non-linear flow behaviour, The dimensionless
parameter b/a2 was used as a measure of the degree of non-linearity ex-
hibited by a particular material.

For materials which resulted in values of b/a2 > 0.1 insufficient
testing was carried out at the lower velocities to give any reliable estim-
ate of a coefficient of hydraulic conductivity (K' where K is given by
Darcy's law

vV = Ki (2
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A{Note: At low flow velocities the sz term of the Forchheimer express-

ion becomes negligible and the TForchheimer equation becomes Darcy's
law with K = 1/ab.

The term "permeability" will be loosely used in this section of

the report to generally describe the flow behaviour of a porous medium.

2.6 Mud Property Testing

All testing of muds was carried out in accordance with A. P. 1.
standard procedures. Detailed descriptions of such tests may be
found in Rogers (1963), Gatlin (1960}, A.P. L specifications or in
many of the suppliers' reference manuals.

A number of simple field tests can be conducted to determine
basic mud properties:-

Temperature.

Density or Mud Weight: A beam balance is the A.P.I. reco-
mmended instrument. The density of a known volume of mud can be
measured in pounds per U.S. gallon; pounds per cubic foot; pressure -
per hundred feet of head or as specific gravity.

Viscosity: 1500 cc of fresh mud is placed in a Marsh Funnel
and A.P.1. specifications call for the timing of the flow of one U.S.
quart out of the funnel. Viscosity of water is 26 seconds Marsh
Funnel whilst muds for drilling of water wells range from 30 to 50
seconds.

Filtrate Loss: A sample of mud is placed in a filter press and
subjected to a pressure of 100 psi. The bottom of the press cell is
closed by a Whatman No, 50 filter paper. The cumulative volume of
filtrate passed through the filter paper should be recorded in cc at
times of both 74 and 30 minutes. More will be said of the interpret-
ation of this test later.

Wall Cake: At the conclusion of the filtrate loss test, the filter
cake set on the filter paper is washed free of excess mud and the thick-~
ness and nature of the residue cake recorded.

Sand Content: A known quantity of mud is taken, diluted with
water and passed over a 200 mesh sieve. After washing, the sand is
measured and reported in per cent by volume.

At present very little field testing of muds is carried out in
Australia. It is recommended that the above listed series of simple

" field tests be carried out at least once per day as a particular step in

encouraging drillers to exercise more mud control. The results of
such simple tests may also prove useful to the drilling engineer in
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"estimating possible formation damage.

More detailed chemical analyses of the mud filirate may be necess-
.ary in some difficult areas to aid in selection of appropriate mud addit-
ives to enable hole completion. In such instances either the geologist
or the drilling engineer or suitably qualified personnel should be on
site to carry out such testing.

Many low solids mud systems show a considerable initial spurt
when carrying out standard filtrate loss testing as described above. A
typical time history of filtration loss during such a 30 minute test for
such a mud is shown in Figure 4.
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‘ For such a mud it is important to obtain both the corrected 30
minute water loss (corrected volume = V' and the initial spurt or
surge correction (Vg + Vy}. The corrected volume is the basic meas-
urement and is widely used for mud control purposes. Beeson and
Wright (1950) suggested that the generally disregarded intial spurt was
indicative of the invasion of the aquifer which occurs prior to the form-
ation of either wall cakes and/or internal filter cakes. Thus the nec-
essity for recording the 73 and 30 minute filtrate volumes.

The Marsh funnel viscosity in seconds is a useful comparative
measure of viscosity for field drilling mud control. However, drill-
ing muds exhibit non-Newtonian plastic and thixotropic viscosity
characteristics. As such the viscosity of the mud varies with previous
history and the rate of shear at which it is measured. Multispeed
viscosimeters are available for A, P.I. specification testing. In water
well applications more specific viscosity testing would in general only
be carried out for laboratory pilot testing of mud systems to determine
the possible effects of various additives and contaminants and new mud
products. Experienced personnel should carry out such testing if any
reliability is to be attached to the resulting values of apparent viscosity
(centipoises, cps), plastic viscosity (cps), yield point (Ib/100 sq.ft.)
and gel strength (1b/100 sq.ft.).

The importance of these measures of the rheological properties
of a drilling mud is discussed in detail by Rogers (1963) and a brief
discussion only will be given.

Abnormally high viscosity may be caused by increases in either
plastic viscosity or yield point. For practical purposes, plastic vis-
cosity depends upon the concentration, size and shape of mud solids.
The control of solids is thus very important in controlling viscosity.
High plastic viscosity reflects increased friction due to the introduct-~
ion of solids into the system and/or grinding of the particles to a
smaller size. Yield point is a measure of the electro-chemical
attractive forces in a mud under flow conditions. The yield point
component of viscosity may be controlled by proper chemical treat-
ment. Gel sirengths are a measure of the attractive forces under
static or non-flow conditions and should not be confused with yield
point.  Gel strength values denote the thixotropic properties of the
mud. Generally gel strengths will decrease as the yield point de-
creases. Gel strength in a mud is important and should be controlled
at the lowest practical value. Progressive or strong gels should be
avoided. A progressive gel is one that may start low initially, but
consistently increases with time.

2.7 Mud Systems

2.7.1 General

The most commonly used mud system for water well drilling
consists of fresh water with bentonite clay plus further selected addit-
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"ives. Straight bentonite clay drilling muds can require considerable

time to hydrate fully. In water well applications where hole compl-
etion times are low, such a waiting time often proves unacceptable.

The commercially available high yield clay base muds offer many
advantages over a straight bentonite system. These products, essen-
tially prepared mixtures of bentonite plus selected additives (mostly
polymer) are widely used in the water well industry. Generally,
overall lower drilling times can be achieved due to advantages in log-
istics, handling, lower hydration times and easier mud control and
maintenance, all of which in themselves are very important to the
driller. Mud costs will also usually be lower using a high yield pro-
duct.

Recent innovations include the use of long chain polymers and
bio-degradable additives to build low solids muds. These products
will build viscosity in both fresh and salt waters, prevent hydration of
clays and give controlled filtration properties to the mud. The major
claimed advantage of these muds is that they can be broken back to the
viscosity of water by the addition {or lack} of a further additive to en—
sure the removal of any filter cake or plugging of the aquifer that
occurs during drilling. More will be said later regarding these
claims for the minimisation of formation damage in the light of results
from the tests conducted in this project.

The Water Conservation and Irrigation Commission of New South
Wales conducted a comparative series of field drilling tests in 1970
with two of the bio-degradable muds available in Australia. A favour-
able report was given for the "Hydropol' product marketed by Romud
whilst major mud control problems were experienced in using "Revert"
produced by the Johnson division of U. Q P. It is the author's
opinion that successful drilling with Revert would necessitate the
presence of on site personnel qualified to carry out continual testing
of the mud which would need to include chemical analyses.

2.7.2 Experimental Testing

The muds used in the experimental testing included a straight
bentonite (Aquagel} and a bio-degradable polymer low solids product
(Hydropol). Both muds when used were mixed according to manu-
facturer's recommended figures.

The Aquagel mud was mixed in fresh water at a concentration of
approximately 65% by weight. Over a wide range of tests the mud
properties were as follows:-

Marsh funnel viscosity = 46-48 seconds
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API Filtrate T.oss

H

30 min. Corrected Volume 8- 8.4 cc
(Negligible initial spurt)

Filter cake thickness

[

1/32" - 2/32"

No rheological measurements were taken on any of the Aquagel
muds when tested since a suitable multispeed viscosimeter was not
available. The particle size distribution of the Aquagel mud solids
was evaluated by Hydrometric analysis and is shown in Figure 5.

The recommended concentrations for use of a Hydropol mud sys-
tem are between 0.3 and 0.9%. A common complaint from drillers
when using the original Hydropol was that it was not thick enough.
Recently, Romud have greatly increased the viscosity of Hydropol re-
sulting in a mud with which drillers should be far happier. It should
be pointed out that the batch of new product Hydropol supplied for use
in testing was far more viscous than the manufacturer's claims. In
fact funnel viscosities were 33, 49 and 90 seconds for concentrations
of 0.3, 0.6 and 0.9% by weight respectively. Romud claim that in
future quality control will be more rigid. However, the necessity for
possible preliminary on site evaluation and subsequent care in mudding
~up should be stressed.

Laboratory pilot testing of Hydropol mud properties was-carried
out. The results are summarised in Table 1.

Table 1: Hydropol Mud Pilot Testing

Mud | Marsh A.P.I. Filtrate Testing Plastic Yield
Funnel Corrected |Initial | Filter Viscosity Point
Viscosity | Volume |Spurt Cake
{seconds) (cc) (ce) | thick- (cps) (Ib/

ness 100
sq. ft)

Old

0.3% 28 14 25 Nil 2~3 0

0.6% 30 17 29 Nil 5 0

0.9% 33 12 40 Nil 6 5

New

0.3% 33 14 42 Nil 8 7

0.6% 49 13 26
__0.9% 90 11 18 Nil >15 >30

As can be seen the major effect of the product change is an in-
crease in both the plastic viscosity and the yield point. Experimental
circulation testing was carried out using both the old and the new
more viscous Hydropol. '

The mud circulating past the exposed aquifer formation will con-
tain cuttings and solids which have not been removed at the surface.
Quite often sand will not be removed from the mud by settling in the
surface pits and/or mechanical separation. In a typical bore being
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‘drilled in unconsolidated material near Dubbo, N.S.W., a sand content
of 6% by weight was carried by a 10 1b/US gallon mud. A sample of
this sand was taken from the mud and its grading determined and plot-
ted in Figure 5. Tests were carried out for both the Aquagel and
Hydropol mud systems wherein controlled solids contamination of the
mud system was introduced in the form of specified percentages of a
sand prepared to the grading shown in Figure 5.

2.8 Test Program

It was intended to look at a far wider range of variables. How-
ever, as is often the case with an experimental program, unforeseen
difficulties arose and the program was of need modified for completion
within the time limit of the project.

The tests completed, reported and analysed are summarised in

Table 2.
. Table 2 Mud Circulation Test Summary
Test Aquifer Mud Mud Dynamic | Mud System | Marsh
Materials | Velocity | Press- | Exposure| (Percentages Viscos-
(ft /min) { ure Time by weight) ity
(psi) {mins) (seconds
001 1,2,3,4 120 20 10 6% Benton- 48
ite
002 1,2,5,8 120 21 300 61% Aqua-
gel 48
003 | 2,3,4,6 100 11 205 65% Aqua-
' gel 46
004 2,3,6,
3/18" Pea 125 21 250 63% Aqua- 48
gel
005 2,3,4,6 120 12 180 (61% Aqua- 50
( gel
006 2,3,4,6 120 21 70 (+ 8% Sand 56

007 Attempted test of limd affected] Aquagel mud system
was abandoned

008 1,2,3,6 100~ 8- 150 (0.9% old 36
140 14 (stock
{Hydro~
009 1,2,3,6 120 20 150 (pol 34
010 1,2,3,4 130 20 40 0.6% New 45
Hydropol
011 1,2,3,4 100- 12~ 120 0.6% New 52
130 28 Hydropol

+ B% Sand
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3. Results and Discussion

3.1 General

Full results and observations for all tests are set out in Appendix V.
A summary of the tests carried out is given in Table 2.

The development of both internal and external filter cakes,
depths of mud invasion, ease of removal of filter cakes and the de-
gree of permanent formation damage within the invaded zone have all
been studied.

The discussion presented here is largely subjective and based on
the author's interpretation of the experimental results. Lack of basic
understanding of the clogging and unclogging processes for clay and
polymer based fluids in granular materials precludes a more quantit-
ative and objective analysis.

Guidelines are offered for the expected behaviour of aquifer mat-
erials when exposed to certain drilling mud systems.

3.2 Notation_

Dy and dy will denote the particle diameters at x per cent finer
than for the aquifer material and the mud solids respectively.

In many tests formation damage was recorded for the material
within the invaded zone. Values quoted for formation damage are
given as the percentage reduction in permeability from the original
unexposed aquifer material value,

3.3 Bentonite Base Mud Systems

3.3.1 General

The development of both external wall cakes and internal filter
cakes was illustrated in the test results. In some instances no filter
cake developed at any position within the aquifer material and whole
mud flowed freely from the sample (i.e. lost circulation),

The depths of mud invasion were calculated from the volume of
fluid collected below the samples.

Formation damage (reduction in permeability) to the aquifer
material within the invaded zone (as distinct from the filter cake)
occurred during exposure to the mud flow. Partial recovery of the
permeability of the invaded material was achieved by water flushing.
However, residual permanent formation damage which could not be
removed by continued and extensive water flushing at hydraulic
gradients as high as 30 was recorded. The permanent reductions in
permeability of the material within the invaded zone were quite sig-
nificant (in extreme cases as high as 90%).
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The formation damage did not vary gradually with distance from
the exposed material surface. Rather, uniform damage was found
throughout any homogeneous material layer within the invaded zone.
This result should be of particular interest to geophysicists in inter-
preting well logging data in unconsolidated aquifers. Although ex-
periments were only carried out for conditions of one dimensional
flow, it is the author's opinion that the form of damage within the in-
vaded zone would still be uniform under radial flow conditions.

Invaded Zone

Filter Cake

. < Undamaged Aquifer

Material
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NOTATION: {
rﬂ — inside radius of filter cake
N outside radius of filter cake

r; - radial extent of invaded zone

K¢ — permeability of filter cake

permeability of invaded zone

o
-
i

Kg — permeability of aquifer material

FIGURE 6: SCHEMATIC DISTRIBUTION OF
FORMATION DAMAGE NEAR A WELL -
BENTONITE MUD
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The variation of permeability in the vicinity of a newly drilled hole
in an homogeneous aquifer is shown in Figure 6. The schematic rep-
resentation clearly differentiates between the filter cake, the invaded
zone and the unaffected aquifer material.

3.3.2 Aquifer-Mud Interaction,Behaviour Categorisation in Terms

of Sealing Mechanism

The interactive behaviour of an aquifer material with a bentonite
base mud may be thought of as belonging to one of three categories:

Category 1. External Wall Cake

(Reference: Appendix V5, V6 - Material 2,6). An external
wall cake builds up above the exposed aquifer surface. This cake is
of the order of 5 to 20 mm in thickness. During the initial stages of
development the cake undergoes cyclic erosion and reformation. A
stable wall cake eventually results after mud flow exposure times of
between 5 and 60 minutes.

The stable wall filter cake is not impervious, and filtration loss
to the aquifer material continues at a small but steady rate. Mud in-
vasion depths may be large due both to the time taken to effect a stable
cake and the continued filtration losses. Test results indicate an
approximate invasion rate of 30 mm/hour /unit area through the stable
wall cakes developed during this test program.

The wall cakes may in some cases be broken by, but not com-
pletely removed by the application of direct water pressures of less
than 25 psi.

Permanent damage to the aquifer material within the invaded zone
is considerable. This is probably due to the invasion of the aquifer by
the finer particles of the suspended mud solids. The finer mud solid
particles are small enough to pass through the wall filter cake. (87%
of Aquagel mud solids are finer than 1 micron - Figure 5).

Category 2, Internal Filter Cake

(Reference. Appendix V2, V3, V4 - Material 1,2,5
Appendix V5, V6 - Material 3,4)

An internal filter cake develops almost immediately (within + min-
ute) after exposure to the mud flow. The filter cake develops from in-
ternal bridging of mud solids within the pores of the aquifer material
and generally forms within the top 10 mm of the aquifer material. The
internal cake is very distinct and impervious, thus preventing any
further loss of mud filtrate.

In the short period prior to the formation of the internal filter
cake, some invasion of the aquifer takes place. The depth of mud
invasion is relatively small, and dependent upon the mud differential

L
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pressure and the aquifer material permeability. The most severe re-
sult obtained was an invasion depth of 390 mm in the L minute prior to
internal filter cake development during test 006 (Material 4, K = 1500

mm /min).

The material within the invaded zone (as distinct from the in-
ternal filter cake) suffers permanent damage. The permanent damage
is generally less than that for invaded material where an external wall
cake forms.

The internal filter cake is difficult to break by the application of
direct water pressure above the exposed surface. In selected trials,
internal cakes were easily broken by a small diameter low velocity
water stream played directly against the material surface. Develop-
ment by jetting techniques should therefore be effective in breaking up
internal filter cakes formed close to the exposed aquifer surface as is
normally the case.

Category 3. Lost Circulation

(Reference. Appendix V3 - Material 4). No filter cake is
formed and whole mud flows freely into the aquifer material when the
material pores are too large for any internal bridging of mud solids -
to occeur.

The material within the extensive invaded zone is, however,
easily flushed clean of mud by low velocity water flow. Negligible
permanent formation damage results.

Between each category there is a transition zone where the be-
haviour may be expected to progressively change from one category

to the next.

Transition 1 - 2

It is conceivable that both internal and external filter cakes may
develop simultaneously within the transition between categories 1 and
2.

Transition 2 - 3

At the lower values of material permeability within the transition
between behaviour categories 2 and 3, internal filter cakes can be ex-
pected to develop within the top 10 mm of the aquifer. The time of mud
exposure necessary for the complete development of such an impervious
internal filter cake, and hence the depth of invasion, will increase with
material permeability. The removal of any internal cake so formed,
should become progressively easier with a more permeable aquifer
material.

At higher values of permeability within the transition, whole
mud can be expected to flow into the aquifer. The invading mud
should be readily flushed from the aquifer during development. How-
ever, permanent formation damage to the material may be a poss-

\ et
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ibility until the material behaviour can be safely termed category 3.

As a guide to behaviour within the transition 2-3, the results of
tests 003 and 004 for material 3 will now be summarised:
: 2
Material K = approx. 600 mm/min, b/a = 0.24
Propei"ties“f D1p= 1.3 mm, Dgo/Dyg = 1.3

An impervious internal filter cake took 10 minutes to form with-
in the top 10 mm of the material. Prior to cake formation, consider-
able mud invasion of the aquifer took place. Invasion depths of 6
metres and 16 metres at respective mud pressure differentials of 11psi
and 21 psi were estimated.

In test 003 the internal cake could not be broken by direct water
pressure of 15 psi whilst in test 004 the cake was brken by a pressure

of only 5 psi. Permanent damage within the invaded zone was 10-35%.

3.3.3 Uniform Aquifer Materials - Deo/Dip £ 1.5

Although the majority of aquifers are well graded, the bulk of
results were obtained for samples of uniform unconsolidated aquifer
materials (Figure 3}, These materials being essentially one sized
particles allowed a basic understanding of aquifer- mud interactions to
be developed.

The results of tests on uniform aquifer materials exposed to pure
and sand contaminated Aquagel mud systems are summarised in big-
ures 7 and 8 respectively. The divisions into the various behaviour
categories as shown in these figures have been related to both the co-
efficient of hydraulic conductivity (K) and the effective diameter (D1q)
of the material.

The results of Figures 7 and 8 may be referred to for a guide to
the possible extent and degree of permanent formation damage likely to

occur when drilling an aquifer with a bentonite based mud.

A typical classification of unconsolidated materials in terms of
permeability is shown in Figure 9.

The sample materials tested in the mud circulation rig would all
be classed as good aquifers. '

Mud Invasion Depths

For category 2 behaviour (the immediate development of imper-
vious internal filter cakes) the depth of mud invasion and thus the ex-~
tent of permanent formation damage is shown in Figures 7 and 8 to
increase with both mud pressure and aquifer permeability. The imp-
ervious internal filter cakes once developed prevent any further mud
losses. Thus, the invasion depth is independent of the time of mud

exposure.

Vs
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The invasion depths for category 1 behaviour {external wall
cake) are illustrated by the results obtained using material 2 in tests
005 and 006 wherein after exposure times of 180 and 70 minutes the
invasion depths were 600 and 400 mm respectively. The behaviour
of materials which developed external wall cakes, was, however,
characterised by a continued steady loss of mud at a rate of approx-
imately 30 mm/hour/unit area. This loss rate through the developed
stable external wall cake and into the aquifer material appeared in-
dependent of the mud pressure differential. With lengthy hole com-
pletion times, this continued mud invasion could lead to serious re-
ductions in bore productivity resulting from an extensive invaded
zone of permanently reduced permeability.

Severity of Permanent Formation Damage

Generally, the degree of permanent formation damage to mater-
ials which develop internal filter cakes (category 2) becomes more
severe with increasing material permeability.

" Permanent damage to materials which form external wall cakes
{category 1) appears to be more severe than for materials character~
ised by internal filter cakes (category 2). However, the results for
category 1 behaviour are limited and the validity of this statement is
questionable.

3.3.4 Graded Materials Dgo/Dyg > 2

(a) Pure Aguagel Mud

Although the tests on graded materials were severely limited in
ext ent, definite differences from the behaviour of the uniform mater-
ials (Dgp/D1g <. 1.5) were noted for the pure Aquagel mud tests:

(i) The upper bound value of permeability for category 2 behaviour
(i.e. internal filter cake formation} is lower for a graded material than
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for a uniform material, t he estimated bound for material 6
(D10=0.5mm, Dgo/D1g = 7.2) being 80 mm/min as compared to the
value of 200 mm/min for uniform materials.

(ii) The lower bound valuc of permeability for category 3 behaviour
(i.e. lost circulation) is approsimately the same for both graded and
uniform materials. If anything, the value should be lower for a
graded material.

{iii) Permanent damage to the aquifer material within the invaded
zone is more scvere for a graded material than for a uniform mater-
ial. In general this is particularly important for materials which
fall within transition 2. 3.

In all tests involving the well graded material 6 (Dgo/P1o = 7-2)
reported permanent damage within the invaded zone was frequently of
the order of 80-90% for original material permeabilities in the range
40-310 mm/min.

(b) Sand Contaminated Aquagel Mud

Results for graded materials were limited to tests 005 and 006
using material 6. External wall cakes developed in time for.sample
material permeabilities of 80 and 125 mm/min. at the exposed surface.
The steady loss of mud through the stable wall cakes was once again
of the order of 30 mm/hour/unit area. Permanent formation damage
within the invaded zone was severe and increased with permeability.
The results are incoaclusive but will be summarised here as an in-
dication of the relative magnitudes of possible permanent damage.

Test Mud Exposure Invasion K Perm-
Pressure Time Depth (Original) | anent

psi_ 1 |__minutes metres mm/min| Damage,
005 12 180 1.1 80 25-50%
15 0-10%
006 21 70 0.6 125 75-85%
25 50-70%

i L o 18 40—_6_5_0_‘@__

The damage appears less severe than that reported for pure
Aquagel mud exposures in which internal filter cakes were formed with-~

in material 6.

The complexity of the behaviour of a graded aquifer material is
clearly illustrated by the variability of the results.

3.3.5 Guidelines

The main factors affecting the interaction between an unconsolidated

aquifer material and a bentonite base mud system are:-
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(i} particle size distribution of mud solids,
(ii) pore size distribution of aquifer material,
(iii) plastering ability of the mud.

A consideration of filter pack selection criteria, the theory of
bridging of solid particles, and experimental results from the tests
conducted during this investigation, has led to the formulation of ths
aquifer-mud behaviour chart shown in Figure 10.

(CATEGORY 1)
TRUE
Dig < 3dego —% EXTERNAL WALL CAKE
FALSE
| FALSE (TRANSITION 1-2)
Do > 8dgo B~ EXTERNAL WALL AND/OR
INTERNAL FILTER CAKE
TRUE
TRUE (CATEGORY 2)
Dy < 20dgg B INTERNAL FILTER CAKE
FALSE
FALSE (TRANSITION 2-3)
Dg > 20d0 » INTERNAL FILTER CAKE
MAY DEVELOP
TRUE

$= LOST CIRCULATION
(CATEGORY 3)

FIGURE 10: BENTONITE BASE MUD -
AQUIFER INTERACTION CHART

To minimise both the extent and degree of permanent formation
damage the immediate development of an impervious internal filter cake
just below the exposed aquifer surface would appear the optimum.

A suggested criterion for this desired category 2 behaviour can
be stated:

8dgo < Dio < 20 dgs

AAVE=S
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The impervious filter cake formed in this way can be expected to
occur within the first 10 min.of the aquifer material.

Although this type of [lilter cake proved difficult to remove by
direct pressures during laboratory tests, backwashing, chemical treat-
ment, and in particular jetting during development should be effective
in breaking and removing this thin but tough and impervious internal
filter cake.

3.4 Hydropol Base Mud Sy stems

3.4.1 General

The interactive behaviour of the Hydropol mud systems with the
various aquifer test materials was different to the behaviour exhibited
in the previously described test results for bentonite base muds.

The pure Hydropol mud (tests 008, 009 and 010) coniained no
solid particles and as such, any filter cake formed could only be att-
ributed to the "plastering ability' of the mud. For {iner aquifer mat-
erials distinct, plastic, cohesive 1 mm thick filter cakes were formed
at the exposed surface whilst lost circulation was a problem with the
more permeable samples.

The sand contaminated Hydropol mud system (test 011) behaved
similarly to the bentonite-sand mud (tests 005, 006) in forming both
external wall cakes and internal filter cakes with different test aquifer
materials.

Filter cakes developed by the Hydropol mud systems were less
impermeable than those formed using bentonite based muds and as
such were less effective in limiting filtration loss to the aquifer mat-
erial samples.

Formation damage to the aquifer material within the invaded
zone (as distinct from the filter cake) occurred and was of a severity
comparable to that exhibited in tests with bentonite base muds.

Partial recovery of the permeability of the invaded material was poss-
ible by extensive water flushing at high hydraulic gradients, The res-
idual permanent formation damage even after such treatment was often
quite severe (frequently above 50% and in extreme cases as high as
95%).

The recommended P.B.D. breakdown solution proved extremely
effective in disintegrating and dispersing any filter cakes formed by
the Hydropol mud system at the exposed material surface.

However, P.B.D. treatment was in the main only marginally
more effective than water flushing in rehabilitation of the aquifer mat-
erial within the invaded zone (beyond the filter cake). For one partic-
ular aquifer material {material 2), further formation damage within the
invaded zone occurred consistently after P.,B.D. treatment.
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The failure of the P.B.,D. to restore permeability within the in-
vaded zone will now be discussed.

The viscosity and gel strength of a Hydropol solution can be
quickly destroyed by the addition of P.B.D., the breakdown being
effected by an enzyme within the P, B.D. which acts upon the viscosity
building Hydropol polymers. This ability to destroy the IHydropol gel
structure would imply that . B.D. treatment should be quite successful
in rehabilitation of the invaded zone. Test results clearly contradict
such implied behaviour. The author offers the following explanation:
On a microscopic scale the long chain molecules of the Hydropol poly-
mers envelop individual aquifer material grains and are held firmly to
such grains by molecular forces in such a manner that no reaction with
the P.B. D, enzymes can take place. The Hydropol mud within the
pores of the material is not so firmly held to the grains and can be re-
moved by either water back flushing or breakdown by P.B.D. with al-
most equal success.

Thus, development of the invaded aquifer material would appear
limited to removal of the ITydropol mud from within the pores of the
material matrix. The resultant formation damage as indicated by
test results may be severe and quite extensive.

It migh* be argued that with time this damage will decrease
when the Ifydropol deteriorates and loses its viscosity. This seems
unlikely since pilot testing revealed the Hydropol to satisfy the manu-
facturers claims in being quite stable over long periods of time.

3.4.2 Uniform Materials - Pure Hydropol Mud

(Reference: Appendix V8, V9, V10 - Material 1, 2, 3, 4).
The results of tests on uniform aquifer materials (Dgo/Dj1q {1.5)
exposed to pure Hydropol mud including both old and new stock prod-

ucts are summarised in Figures 11, 12 and 13.

Old Stock Hydropol (Figures 11, 12)

With the lower permeability materials (1 and 2) a distinct thin 1 mm

plastic cohesive filter cake was developed at the exposed surface.
This filter cake was difficult to remove by water flushing alone, but
easily dispersed when treated with P.B.D.

The non-distinct low permeability layer which formed in the top
3mm of the more permeable material 3 sample was easily rejuvenated
by water flushing alone.

Permanent damage to the aquifer material invaded by the Hydro-
pol mud was both more severe and more extensive than was reported
in earlier tests involving pure bentonite base muds. P.B.D. treat-
ment had surprisingly little success in rehabilitation of the invaded

~zone material. - Both the extent of mud invasion (estimated by the-
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volume of mud “iltrate collected below the sample), and the severity
of the permanent formation damage increased with material perm-
eability and the mud differential pressure (Figares 11,12, 14),

This behaviour was as expected in regards to the extent of mud
invasion. The extrapolation of such a trend for the severity of the
formation damage beyond the range of the experimental results would
however be considered dubious.

In some cases the formation damage varied gradually with dis~
tance from the exposed surface whilst in others uniformly damaged

material layers were present within the invaded zone.

New Hydropol {(Figure 13)

No distinct cohesive plastic filter cakes were formed with the
more viscous Hydropol. Rather, 1-5mm thick non-distinct layers
of low permeability developed at the surface of materials 1 and 2.
Water flushing alone was reasonably successful in overcoming the flow
blockages caused by such layers. Complete breakdown of these low
permeability layers at the sample surfaces was more easily and
quickly achieved by the addition of P.B.D.

The more viscous new Hydropol mud appeared to significantly
reduce both the severity and extent of formation damage previously
obtained using the old stock product (Figures 13, 14). P.B.D. treat-
ment was again of only minor beneficial value in attempts to rehabil-
itate material within the invaded zone.

Permanent damage was of the same order of severity but still
more extensive than with a pure bentonite mud.

In all cases uniform damage was found to occur in homogeneous
material layers within the invaded zone.

Note:

In all tests using Hydropol mud systems additional formation
damage was reported after P, B.D. trecatment of material 2. The
incremental reduction in permeability resulting from P.B.D. treat-
ment was as high as 30%. No explanation for this behaviour can be
offered by the author,

3.4.3 Uniform Materials - Sand Contaminated Hydropol Mud

(Reference: Appendix V11- Material 1,2, 3,4)

Hydropol when used in the field will not be pure. Solids contam-
ination of the pure mud by cuttings from the hole will occur. Test 011
was carried out to examine the possible behaviour of a more realistic
solids contaminated new product Hydropol mud. Figure 15 summarises

the results of test 011.
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The interactive behaviour of this mud with the aquifer materials
was similar to that exhibited during tests with sand contaminated ben-
tonite mud systems (tests 005, 006).

External 10 mm wall cakes built-up above the exposed face for
the less permeable materials (1 and 2) whilst distinct internal filter
cakes were formed with the more permeable materials (3 and 4). The
filter cakes so formed although more effective in limiting filtration
loss to the aquifer samples than those developed by pure Hydropol
muds were still not as impermeable as bentonite mud filter cakes.

The filter cakes were plastic cohesive layers of IHydropol and
sand. During development it is possible that large proportions of
the external wall cakes may be removed en masse as cohesive entities.
P.B.D. treatmen* was quite effective in destroying the viscosity of the
Hydropol mud component of all filter cakes. However, the removal
of the contaminant mud solids trapped within any filter cake must be
achieved by physical means, as is the case with bentonite base muds.

The extent of the mud invasion was less than that for a pure
Hydropol mud system but was still more than for a bentonite-sand mud.

For materials with permeabilities less than 500 mm/min the
formation damage was of the same order as that for a pure new Hydro-
pol mud. For more permeable materials the damage from the sand
contaminated Hydropol was more severe. It would appear that with
the more permeable materials the invasion of solid mud particles
becomes the more important cause of permaneunt formation damage.
The severity of aquifer formation damage for the sand-IHydropol mud
was of the same order as that for the sand-bentonite muds.

P.B.D. treatment was of minimal benefit in aiding the recovery
of permeability of material within the invaded zone (beyond the filter
cake).

The formation damage did not vary gradually with distance from

the exposed face. Uniform damage within homogeneous material
Jayers was found throughout the mud invaded samples.

3.4.4 Graded Materials Dgg/D1g > 2

(Reference: Appendix V8, V9 - Material 6)

Tests carried out using graded materials were limited to the be-
haviour of material 6 (D19 = C.5mm, Dgg/D1g = 7.2) subjected to ex-
posure from pure old stock Hydropol mud (Tests 008 and 009}. The
tested samples of the graded material 6 had various layers of differing
permeability throughout their length. This layering of the test samples
made clear interpretation of the results difficult, Definite behavioural
trends were however noted.

=7
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The old stock Hydropol appeared to be capable of forming rel-
atively impermeable filter cakes for layers of material 6 with perm-
eabilities less than 40 mm/min,

The loss of mud filtrate through such cakes and hence the extent
of mud invasion was less than that which occurred with the uniform
materials. The difficulty in removing filter cakes developed at some
distance from the hole in inhomogeneous aquifer materials was clearly
illustrated in these tests. Tha filter cakes were formed at a distance
greater than 100 mm from the sample surface. At such a distance
from the exposed face, breakdown of the filter cakes by either water
flushing and/or P.B.D. treatment was virtually negligible.

The inability of P.B.D. treatment to significantly aid in recovery
of the invaded zone was again recorded.

Permanent formation damage was more severe than for the uni-
form aquifer materials. Permanent damage within the invaded zone
was of the order of 95-70% for original permeabilities in the range
20-140 mm/min.

3.4.5 Guideline§

One of the main claimed advantages of a Ilydropol mud system
over a bentonite base mud for water-well drilling is the degree of pro-
tection offered to the aquifer material.

The experimental investigation seriously places such a claim in
jeopardy for the following reasons:-

1. The filter cakes formed by Hydropol muds were less impermeable
than those developed by bentonite muds. The depth of mud invasion

of the aquifer formation around the drilled hole would thus be more ex-
tensive with a Hydropol mud.

2. P.B.D. treatment was quite effective in breaking down and dis~
persing filter cakes in the vicinity of the exposed aquifer surface, but
was of little benefit in recovering the permeability of material within
the invaded zone (beyond the filter cakes near the exposed surface),.

3. The residual permanent formation damage within the invaded
zone was of the same order for both Hydropol and bentonite base mud
systems. This permanent damage may be quite severe for the
commonly occurring well graded aquifers (damage possibly as high as
90%).

The decision to use a Hydropol mud rather than a common ben-
tonite based system should thus not be based on the belief that form-
ation damage will be reduced.
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However, other factors such as casc of mixing and maintaining
the mud, ease of removal of filter cake using P.B.D. and the re-
duction in the weight of material to be transported may justify its
use. @Generally mud material cost is small in relation to the overall
hole completion costs and is not a major factor in the selection of a
mud system.

The results of Figures 11, 12, 13 and 15 may be rcferred to
for a guide to the possible extent and degree of permanent formation
damage likely to occur when drilling an aquifer with a Hy ropol mud.

\ W)
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_Appendix V.

Mud Circulation Rig - Test Resulls and Observations

Gene rg_l

A series of experimental tests was carried out in which drilling
muds were circulated past the exposed surfaces of unconsolidated aqu-
ifer material samples under various flow conditions.

Detailed descriptions of the mud circulation rig, procedures and
related aspects of the test program are given in the main text.

Two basic mud systems were tested - straight bentonite clay
base mud (Aquagel) and a bio-degradable low solids polymer mud
{Hydropol}.

The grading of the solids in the Aquagel mud is shown in FFigure

Pure systems and deliberately solid contaminated systems of
both muds were tested. The solids contamination was from a con-
trolled content of a prepared sand. The grading of this sand is shown
in Figure 1.1,

Mud velocity past the face of the samples was of the order of 120
ft /min.

The pressure differential above the face of the aquifer material
samples was in general maintained at either 10 psi or 20 psi. In

some tests pressure surging occurred.

The gradings of the various unconsolidated materials exposed to
mud during the test program are shown in Figure 1.1.

A summary of all tests carried out is given in Table 1. 1.

The detailed results and observations for each test are contained
in separate sections of this appendix.
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Table 1.1 Mud Circulation Test Summary
Test Aquifer Mud Mud Dynamic | Mud System | Marsh
Materials | Velocity | Press-| Exposure (Percentages| Viscos-
(ft/min} | ure Time by weight) ity
(psi) {mins) {seconds
001 1,2,3,4 120 20 10 8% Benton- 43
ite
002 | 1,2,5,6 120 21 300 63% Aqua~
gel 48
003 | 2,3,4,6 100 11 205 63% Aqua-
gel 46
004 2,3,6,
3/16" Pea 125 21 250 63% Aqua- 48
. gel
005 | 2,3,4,6 120 12 180 (65% Aqua- 50
{ gel
006 2,3,4,6 120 21 70 (+ 6% Sand 56
007 Attempted test of lim¢€ affected| Aquagel n’ﬂud system
was abandoned
008 1,2,3.86 100- 8- 150 (0.9% old 38
140 14 { stock
{Hydro-
009 1,2,3,6 120 20 150 ( pol 34
010 1,2,3,4 130 20 40 0. 6% New 45
Hydropol
011 1,2,3,4 100- 12- 120 0.6% New 52
130 28 Hydropol
+ 6% Sand
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V1.1

V1 Test 001 Kesults and Obsgervations

This test was run using a mud made Irom some old stock benton-
ite. It was made as a trial to test the equipment and procedure for
recording results.

The mud was made up 6% by weight bentonite.
p ) g

Mud was circulated for 3 hours prior to the start of the test and
maintained at the following:-

Temperature = 200(,‘
Specific gravity = 1.04

Marsh funnel viscosity = 48 seconds

!
]
@]

AP1 Filter press (1 area) 7% minutes C
30 " = 5.5 cc

Filter cake thickness = 1/32" to 2/32"

Mud was circulated at a velocity of 120 ft/min. past the face of
the sample materials and a pressure differential of 20 psi was main-
tained.

The test was aborted after 10 minutes due to large mud losses
through samples containing materials numbers 3 and 4,

No testing of samples after exposure was carried out.
Matérial 1
Porosity = 39.9%
(original) Linear Ko = 20 mm/min.

An effective seal formed immediately in the top 10 mm of the
sample.

Material 2
Porosity = 43.5%
(original) Non-linear Ko = 1/a = 120 mm /min, b/aZ = .03

Slowed up considerably after passing approximately 3 litres of
filtrate. No investigation of the position of the seal was made.

\:
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‘Material 3
Porosity = 41.5%
(original) Non-linear K, = 1/a = 730 mm/min, b/aZ = .32
Material 4
Porosity = 44%
(original) Non-linear Ko = 1/a = 3900 mm/min, b/a2 = 3. 4.
Neither materials 3 or 4 looked like developing any seal against
whole mud fluid loss. The large loss in mud from these two samples

resulted in the water level in the bin dropping so low that air entered
the pump thus causing the test to be abandoned after 10 minutes.
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. V2 Test 002: Results and Observations

Mud was made up as 63% by weight Aquagel.

Mud was circulated for 3 hours prior to starting the test and mud
properties maintained as follows:-

O

Temperature = 22 C

Specific gravity = 1.04

Marsh funnel viscosity = 48 seconds

API Filter Press (3 area) 7+ minutes = 2 cc
30 " = 4,2 cc

Filter cake thickness = 1/32" to 2/32".

Mud was circulated at a velocity of 120 {t/min past the face of
the sample materials and a pressure differential of 21 psi was main-
tained for the exposure duration of 5 hours.

After the 5 hours of exposure to the mud flow the test apparatus
was isolated and all mud drained from above the samples. Water
was then added and left standing 1 inch above the sample faces for 16
hours.

The samples were then removed, inspected and then retested
for permeability to estimate the extent of damage caused by the mud.

Material 1

Porosity = 41%
(original) Linear Ko = 29 mm/min
(Table 2.1, Figures 2. la, 2.5}

See Table 2.2. The volume of fluid passed from the sample was
very quickly stemmed (1 minute) and the seal was above tapping 1.
(64 mm from the exposed face). A steady but very slow loss of filt-
rate continued with time. The total collected filtrate volume of . 235
litres indicates an estimated depth of mud filtrate penetration of 90mm.

When the sample was removed from the apparatus a distinct
sealing layer was evident in the top 10 mm. The top 25 mm were
removed from the sample and the material reinstalled and tested for
permeability.
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The overall sample permeability after extensive water flushing
at pressures up to 25 psi was lower than the original unexposed mat-
erial.

(exposed) Kg = 25 mm/min (Table 2.1, Figures 2,1b, 2.5}

An overall reduction in permeability of 15% has occurred.

Material 2

Porosity = 41.6%

2
(original) Non-linear Ko = 1/a = 128 mm/min, b/a = .023
(Table 2.1, Figures 2,2a, 2.5}

See Table 2.2. An effective seal was formed within } minute
(somewhere in the top 64 mm of the sample) which prevented any
further loss of mud filtrate beyond . 19 litres. The total collected
filtrate volume of . 19 litres indicates an estimated depth of mud fil-
trate penetration of 70 mm:.

When the sample was removed from the apparatus a distinct
sealing layer was evident in the top 10 mm. The top 25 mm were re-
moved, the sample reinstalled and the material retested for perm-
eability., The results were as follows:-

(exposed) Non-linear Ke = 1/a = 123 mm/min, b/a2 = ,023
(Table 2.1, Figures 2.2b, 2.5)

Only minor water flushing was carried out.

Negligible damage has been done to the material beyond the 10
mm in which the seal was formed.

Material 5

Porosity = 33.3%
The original material appears to be in two distinct layers.

(original) 0-216mm Linear K5 = 45 mm/min.
(original) 216-450 mm Linear Kg = 25 mm/min
(Table 2.1, Figures 2.3a, 2.95)

See Table 2.2. An effective seal was formed within 3 minute
which prevented any further loss of mud filtrate beyond 0.1 litres.
The total collected filtrate volume of 0.1 litres indicates an estimated
depth of mud filtrate penetration of 50 mm.

When the sample was removed a distinct sealing layer was evid-
ent in the top 10 mm. This was as expected from the pressure tapp-
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ings which indicated the seal {o be somewhere in the top 64 mm.  The
top 25 mm were removed, the sample reinstalled and the material re-
tested for permeability after minor flushing with water.

The results of these tests are now recorded;

{exposed) 25mm-114mm Linear Ke = 67 mm/min
114mm -216mm Linear Ke = 30 mm/min
216mm -450mm Linear Ke = 24 mm/min

(Table 2.1, Figures 2.3b, 2.5}

There has been no damage done to the material between 216-
450 mm.

However, the layer between 0-216 mm has undergone change
which needs interpretation. Between the developed seal (0-10mm)
and 114 mm the results indicate an improvement in permeability from
45 to 67 mm/min. Between 114-216 mm the results indicate a loss
of permeability from 45 to 30 mm/min. The removal of the top 25
mm from the sample was carried out with caution but with such a
fine material it may be possible that the sample beyond the 25 mm
was disturbed in such a way as to give the conflicting results. If
tapping number 2 (114 mm} was blocked slightly it may have read
high, thus indicating a change in permeability when one was not
present,

The permeability based on readings from tappings 1 and 3 alone
for the material between 25-216 mm was 40 mm/min. This indic-
ates a reduction in permeability of 11%.

It is the author's opinion that negligible damage was done to the
sample material beyond the 10 mm from the face in which the seal
developed.

Material 6
Porosity = 35.5%

{original} Non-linear Kg = 1/a = 170 mm/min, b/a? = ,084
{(Table 2.1, Figures 2.4a, 2.5}

See Table 2.2 and Figure 2.6. Whole mud flowed freely from
the sample for the first two minutes. After two minutes an effective
seal was formed and the loss of mud filtrate ceased. A total of 2.7
litres had been lost in the first 2 minutes. Tappings 1,2 and 4 were
blocked by mud and only the readings recorded in Table 2.2 were re-
liable.

The seal developed somewhere between tapping 5 and the end of
the sample. Examination revealed that the seal had been initiated by

Ve,
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-the material retaining filter cloth, at the base of the sample.

If the filter had been coarser and had not caused the seal at the
base of the sample material it is difficult to assess whether a seal
would have formed elsewhere inn the material.

When the sample was removed from the apparatus the seal was
evident in the lower 20 mm of the material. The top 25 mm and the
lower 25 mm were removed from the sample, the sample reinstalled
and the material retested for permeability after extensive water flush-
ing at pressures up to 25 psi.

The results were as follows: -
(exposed 114-318 mm Non-linear Ke = 1/a = 46 mm/min, b/a?=.13 [

318~420 mm Non-linear Ko = 1/a = 33 mm/min,b/a2-.12
(Table 2.1, Figures 2,4a, 2.5) 1

Permanent damage has been done to the sample other than the {" F

area where the seal formed.

Reduction in permeability of 73-80% has occurred.
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TABIE: 2.1

Permeability testing of material samples

TEST: 002

Values of pressure (metres of water) as recorded st various positicns along
the sample for a measured flow of water through the sample.

Material| Flow |Velocity Tapping No.
Rate
litres/| mm/min | Top 1 > 3 M 5
nin b “Position along sample from datum Lmey
R 10 28 o4 I T 216 | 318 [ han
- .MATERTAL TESTS .BEFORE EXPOSURE TO .DRIILLING MUD
1 5.43° 842 15.10 13.75 | 12.29 g.31 6.3 2.78
4,00 | 620 9.95 8.89 7.82 5.69 3.59 1.33
2.07. 321 5.27 h.48 3.92 2.81 1.70 0.57
2 18.72 | 2900 15.32 13.75 | 11.91 ! 8.68 5.27 .77
14,77 2290 10.56 9.54 8.29 6.03 3.62 1.15
9.83 1520 6.78 5.86 5.06 3.59 ;| 2.08 9.57
4,07 632 2.39 2,04 1.72 1.20 0.65 0.09
5 . 5.99 928 15.78 14,81 ! 13.67 {11.15 6.87 2.71
4,54 704 11.01 10.32 9.45 7.65 .65 1.77
2.87 g 6.25 5.86 5.46 4,39 2.62 0.94
0.91 | 140 2.17 1.84 1.73 1.43 0.78 0.22
6 18.12 | 2810 15.25 15.19 | 14,49 | 10.65 6.77 £.59
14.84 | 2300 |11.32 11.19 | 10.52 7.75 4.82 1.78
9.48 | 1470 6.17 6.16 5.86 4,27 2.74 1.07
93 b ey 2l 33 2,26 | 1.62 | 1.00 0.37
MATERTAL TESTS AFTER EXPCSURE TO DRILLING MUD
o ... Top .25 mm removed from sample
1 B0 - 782 14,11 12.67 ] 10.7% 7.56 4,41 1.20
- 3.45 535 9.57 8.47 7.19 4.98 2.84 0.70
1.99 | . 308 5.19 b.73 3.97 2.71 1.52 0326
2. 17.21.° | 2670 14,11 13.17 | 11.34 8.19 4,92 1.64
13.32 © | 2060 9.95 9.39 8.07 5.74 3.41 1.07
8.30 .| 1290 5.26 5.17 bon3 3.03 1.77 0.51
5 5.58 | 865 14.79 13.80 | 13.04 9.83 5.48 1.52
4,00 | 620 10.10 9.39 8.95 6.74 | 3.72 1.01 ¢
2.23 | . 345 5.19 h.85 ¥.60 | 3.47 | 1.89 0,44
) 3.19. hok 16.45 16.82 | 16.32 | 12.54 9.20 1.45
2.05 | 318 9.34 9.83 9.58 7.31 5.48 0.76
1.05 163 . 3.60 3.97 3.85 2.96 2.16 0.24




TABLE:

2.

2

TEST: 002

Sample behaviour during time of exposure to drilling mud.

Pressure {(metres of water)

Material Time Filtrate Tapping Noc.
(minutes)| Volume I
(litres)| Top 1 2 3 I 5
__Position along sample from datum (mm) B
0 | e 114 216 318 420
1 3 0.19 116.40 A7 .07 07 07 07
1 20 | 16.00 | No change in any tapping levels
2 .20 | 15.30 throughout mud exposure.-
10 .20 115.30 |
Lo .21 135.30 g
120, .22 |15.30 ;
190 225 | 15.30
300 235 | 14,80 .07 07 07 07 07
2 A .19 116,40 .07 .07 .07 07 07
i .19 116.00 No change in any tepplng levels
2 .16 115.30 throughout mud exposure
190 L 15.30 .07 1 .07 07 .07 07
5 A .10 1640 07 07 .07 LO7 7
1 .10 | 16.00 No change in any tapping levels
2 .10 [ 15.30 throughout mud exposure
B 190 J10 115,300 07 o7 .07 | O .07
K3 % 1.70 [16.50 g.13 | 5.48 2.21
1 2.26 116.00 10.78 1 7.37 L, 22
2 2.70 15.30 14.18 \ 11,81
10 2.70 |15.30 | 14.15 10.71
ho 2.70 115.30 bA3.TH 10.34
120 2.70 |15.30 ! 13.30 ! 10.02
190 2.72 115.30 { 13.08 9.89
300 2.73 | 14.80 1 12.79 ‘ 9.77




V3.l
V3 Test 003. Results and Observations

Mud was made up as 63% Ly weight Aquagel. Mud was circulated
for 3 hours prior to starting the test and mud properties maintained as
follows for the duration of the test.

229 ¢

Temperature
Specific Gravity = 1.04
Marsh funnel viscosity = 46 seconds

API Filter Press (3 area) 7% minutes = 2 ¢
30 minutes = 4 cc

0

Filter cake thickness = 1/32" to 2/32"

Mud was circulated at a velocity of 100 ft/min past the face of the
sample materials and a pressure differential of 11 psi was maintained
for the exposure duration of 3} hours.

After the 205 minutes of exposure to the mud flow, the test appara-
tus was isolated and all mud drained from above the samples. Water
was then gently washed through the test cell for thirty minutes to
clean all mud from the apparatus. Water was then added and left
standing 3 inches deep above the sample material faces for 64 hours.

The permeability of the sample materials was then retested.

The samples were then removed, inspected, the top 256 mm re-
moved from each material, reinstalled and retested for permeability to
estimate the extent of damage caused by the mud.

Material 2

Porosity = 41% 9
{original) Non-linear Ko = 1/a = 129 mm/min, b/a = .025
{ Table 3.1, Figures 3.1a, 3.5)

See Table 3.2. An effective seal was formed within # minute (some-~-
where in the top 64 mm of the sample' which prevented any further loss
of mud filtrate beyond .56 litres. The total collected filtrate volume
of 0.58 litres indicates an estimated depth of mud filtrate penetration of
220 mm,

After having been left standing with clean water above it for 64
hours, the seal was still effective in preventing any flow through the
sample even under applied pressures of 15 psi.
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When the sample was removed from the apparatus a distinct
sealing layer was evident in the top 10 mm. The top 25 mm were re-

moved and the sample reinstalled and the material retested for perm-
eability after extensive flushing with water at pressures up to 20 psi.

The results were as follows: -

(exposed) 25-216 mm Non-linear Ke = 1/a = 116 mm/min, b/a2=. 039
216-450 mm Non-linear Ke = 1/a = 151 mm/min,b/a®-.035
(Table 3.1, Iigures 3.1b, 3.5}

Beyond the seal (0-10 mm) there appears to be a zone of perm-
anently damaged material extending to a depth 216 mm from the ex- -
posed sample face. The material in this zone (25 - 216 mm) is more
non-linear than the original material and has had its permeability re-
duced from Kg = 129 mm/min to Ke = 116 mm/min, i.e. it has under-
gone a reduction of 10% in permeability. The extent of this zone of
reduced permeability (216 mm) coincides with the calculated depth of
penetration of mud filtrate based on the total filtrate volume (220 mmb.

Beyond 216 mm the sample material appears to be more perm-
eable than the original sample. However, the material in this zone
(216-450 mm) is also more non-linear than the original material. A

=

permeability improvement of 17% appears to have occurred due to a
change from Kg = 129 mm/min to Ke = 151 mm/min.

Alternatively, the percentage reduction and increase in perm-
eability of the two zones may be estimated by comparing the necess-
ary hydraulic gradient required to allow a specified velocity of flow.
Proceeding in this manner using the data presented in Figure 3.5, the
results are as follows:-

Specified Flow Percentage Reduction Percentage Improve-
Velocity in Permeability for ment in Permeability
(mm/min) Material 25-216 mm for Material 216-450mm
2000 - 24% +10%
1000 -20% +15%

The exact magnitudes of the permeability variation are not of ut-
most importance. The important point is that there is a zone of dam-
age (permeability reduction of the order of 20%) that is permanent and
which extends to the limit of mud filtrate invasion at which point there
is an abrupt increase in permeability to a value at least equal to that
of the original sample.

The indicated improvement in permeability beyond a depth of 216
mm is difficult to interpret. It may be due to flushing of the material
fines from the lower portion of the sample during the extended time in

T e v
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which flow has occurred through the sample since the original perm-.

eability testing. An alternative but less likely interpretation may be
the occurrence of errors in recording experimental results.

Material 6

Porosity = 33% 9
(original) Non-linear Ky = 1/a = 91 mm/min, b/a” = 0.05
(Table 3.1, I'igures 3.2a, 3.5)

See Table 3.2 and Figure 3.6. An effective seal developed (at some
position between tappings 1 and 2 i.e. between 64 and 114 mm? after
5 minutes which prevented any further loss of mud filtrate beyond 1.3
litres. The total collected filtrate volume of 1.31 litres indicated
that mud filtrate has passed through the entire sample length {estim-
ated depth of penetration is 620 mm).

The sample was left covered with clear water for 64 hours.
After this time the seal was effective in preventing any flow through
the material even under applied pressures of 15 psi.

When the sample was removed from the apparatus the following
visual inspection revealed -

{a) no significant layer at the sample top,
(b mud was evident throughout the entire sample length,

(¢} the mud appears to be thicker in the top 160 mm of the
sample.

The top 25 mm were removed and the sample reinstalled and
the material retested for permeability after extensive water flushing
at pressures up to 25 psi.

The results were as follows:-

(exposed) 64-114 mm Non-linear Ke = 1/a = 15 mm/min, b/a2=.035
114- 216 mm Non-linear Ke= 1/a = 15 mm/min, b/a2=.018
216-318 mm Non-linear Kg= 1/a = 27 mm/min, b/a2=.046
318-450 mm Non-linear Ke = 1/a = 157 mm/min, b/a2=.77
(Table 3.1, Figures 3.2b, 3.5)

The material appears to have suffered a permanent reduction in

permeability of 84% (Kg = 91 to Ke = 15 mm /min) in the upper 216 mm

of the sample. This includes the zone between tappings 1 and 2
(64-114 mm) in which the seal occurred. The material in this zone
is slightly more linear than the original sample.
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There is a minor improvement in permeability between 216 and '
318 mm where the reduction in permeability is 70% (Kg = 21 to ke =
27 mm/min) and the material is essentially of equal non-linearity to
the original.

Beyond 318 mm the sample shows a marked apparent improve-
ment in permeability of 70% which is difficull to interpret (Ko = 91 to
Ke = 157 mm/min).

However, the flow characteristics of this apparently improved
zone are far more non-linear than those of the original (b/a? in-
creases from 0. 05 in the original to 0.77 in this zone) and any comp-
arison with the original material should be made with caution. The
percentage reductions and increases in permeabilily over the sample
length may also be estimated by comparing the necessary hydraulic
gradients required to allow a specified velocity of flow. The results
of such a procedure using the data of Figure 3.5 are now presented.

Specified Percentage change in permeability from the

Flow Velocity original

mm /min 64-114mm [ 114-216mm [ 216-318mm|318-450mm
500 -90% -85% - 80% ~34%
300 -88% ~85% ~77% ~19%

The resultant description of the permanent damage caused by ex-
posure to the mud may now be stated,

The material has suffered a permanent reduction in permeability
of 85-90% to a depth of 216 mm. This zone includes the region in
which the seal against further mud filtrate losses was developed
(64-114 mm}. A slight improvement occurs between 216 and 318 mm
where the percentage reduction in permeability is 80%.

At 318 mm from the exposed face there is a dramatic improve-
ment in permeability. Beyond 318 mm the permeability is at least
equal to that of the original sample although long term flushing of the
sample may have lead to the dramatic increase in the non-linearity of
the material in this zone.

As can be seen the damage appears to follow a step function,
changing abruptly from a zone of permanent damage to a comparative-
ly undamaged zone at a depth of 310 mm from the exposed sample
face.

Material 3

Porosity = 40%
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“(original) Non-linear Ko = 1/a < 563 mm/min, b/a2 = .24

(Table 3.1, Figures 3.3a, 3.9)

See Table 3.2 and Figure 3.7. An effective seal formed gradually
over 10 minutes which prevented any further loss of mud filtrate be-
yong 15 litres. The seal appears to be above tapping 1 and thus
somewhere between 0 and 64 mm. Whole mud solids were passed
through the entire sample in the early stages of this test prior to the
formation of the seal,

The sample was left covered with clear water for 64 hours.
After this time the seal was effective in preventing any flow through
the material even under pressures of 15 psi.

When the sample was removed from the apparatus the following
visual inspection revealed -

(a) no distinct sealing layer in the top 10 mm of the sample al-
though a definite reduction in permecability was visually
evident;

{(b) whole mud was evident in patches throughout the entire
sample length.

The top 25 mm were removed and the sample reinstalled and the
material retested for permeability after flushing with water at press-
ures up to 20 psi. The flushing was carried out until no further im-
provement was possibie with further water flow. The material
cleared up very quickly and only a small degree of flushing with clear
water was required.

The results on the cleaned up material were as follows:

(exposed) 25-216 mm Non-linear Ke = 1/a = 440 mm/min,b/a%= . 26
916-450 mm Non-linear Ke = 1/a = 700 mm/min, b/a2= .54
(Table 3.1, Iigures 3.3b, 3.5}

For materials with b/a2> 0.1 the reliability of extrapolating
non-linear equations (i = aV + bV2) ag determined from only 3 points
to a value of permeability K = 1/a is very low. In such cases, com-
parisons of permeability and subsequent estimates of damage may be
more reliably evaluated by comparing the hydraulic gradients necess-
ary to achieve specified flow velocities. This was done for several
velocities and the results were as follows:-
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Specified Flow Percentage change in permeability from the
Velocity original
mm /min 25-216 mm 216 -~ 450 mm
4000 - 39% -18%
3000 -37% -13%
2000 - 34% - 8%

The material has suffered a permanent reduction in permeability
of the order of 35% to a depth of 216 mm. At 216 mm from the ex-
posed face there is an abrupt change. Beyond 216 mm the material
has suffered permanent damage, resulting in a reduction in perm-
eability of the order of 10%.

Material 4

Porosity = 41%

2
(original) Non-linear Ko = 1/a = 2900 mm/min, b/a = 2
(Table 3.1, Figures 3.4a, 3.93)

See Table 3.2. The mud flow from material 4 was large and did not
1ook as if a seal would form. The sample was isolated after 2 min-
utes. The valve in the line below the sample was closed due to diff-
iculties encountered in handling the large volumes of mud being coll-
ected and returned to the main mud storage bin.

The sample was left covered with clear water for 64 hours after
the mud flow ceased. When retested for permeability the mud gitting
within the sample was quickly flushed out and the material appeared to
have suffered little damage although no measurements were recorded
at this stage.

The sample was removed from the apparatus and the top 25 mm
removed. There was no visual evidence of any mud within the mat-
erial. The sample was reinstalled and the material retested for
permeability after a minor amount of extra flushing with water.

The results were as follows:-

(exposed) Non-linear Ke = 1/a = 1900 mm/min b/a% = 0.6
(Table 3.1, Figures 3.4b, 3.5)

For materials with b/a2 = (.1 the reliability of extrapolating
non-linear equations (i = aV + bVv2) as determined from only 3 points
to a value of permeability K = 1/a is very low. In such cases estim-
ates of damage may be more reliably evaluated by comparing the hyd-
raulic gradients necessary to achieve specified flow velocities. This
was done for two velocities (in the range over which permeability
testing was carried out) and the results were as follows:-
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Specified Flow Percentage Variation in Permeability
Velocity from the original material
mm /min
4000 +4%
7000 +1 7%

Material 4 passed whole mud without affecting a seal. How-
ever, mud was easily removed from the material and full recovery
of original permeability was easily achieved by minimal flushing

with water.
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TABIE: 3.1

Permeability testing of materisl samples

TEST: 003

4

P
: =)
2 i S,

Values of pressure (metres of water) as recorded at various positions zlong
the sample for a measured flow of water through the sample.

Material| Flow |Velocity Tapping No.
Rate: -y T e :
litres/| mm/min | Top . 1 l 2.3 4 5
min
Position along sample from datum (mm)
OB e T I T 216 | 318 120
. MATERTAL TESTS BEFORE EXPOSURE TO DRILLING NUD
2 15.88 | 2460 |12.90 11.15 1 9.89 6.87 4.0k 1.33-
11.05 1 1710 8.15 7.00. 6.11 4,22 2.46 0.70
h.27 660 2.62 { 2.15 1.89 .27 0.70 0.07
6 9.63 | 1490 [12.75 11.72 9.77 7.C0 1.33
6.65 | 1030 7.45 6.87 5.99 3.91 2.70
3.59 557 | 3.30 . 2.96 2.62 1.64 b 0.19
3 27.2 4220 110.70 | i 9.52 8.45 6.11 4,30 : 2.08
21.4 3320 6.85 | 5.99 5.30 3.85 2.59 | 1.20
12.8 1980 3.07 L 2.59 2.21 1.58 0.95 | 0.32
b hy. 8 6950 9.87 8.76 8.38 6.74 5.48 , 4.04
35.4 5490 6.7 5.61 5.17 4,35 3.59 2.71.
20.8 3220 | 2.62 | 2.1 1.89 | 1.52 1.20 0.89
MATERTAL TESTS AFTER EXPOSURE TO DRILLING MUD
........... Top .25 mm .of Sanple Removed
2 15.43 § 2390 12.82 11.47 9.33 5.86 3.34 0.95
12.11 | 1880 9,39 : 8.45 | 6.93 | b.b1 | 2.52 | 0.76
6.32 979 35982 3.59 2.96 1.83 1.01 .19
& 3.21 497 14410 13.86 | 10.34 5.23 177 0.70
2.35 365 9.27 8.89 6.74 3.22 ¢ 1.01 .32
1.29 199 05 3.91 2.96 1.36 ' 0.38 0.13
3 26.55 | 4120 12,14 11.66 | 10.02 | 6.74 | h.,22 | 1.89
20.66 | 3200 8.14 744 6.30 4,16 2.59 1.14
14.00 | 2170 h,13! 3.78 3.22 2.08 1.26 C.h4
4 53.00 | 8220 11.46 | 10.84 | 10.02 | 8.U5 | 6.81 | 5.55
39,4 | 6110 7.30| 6.87 | 6.30 | 5.23 i 4.10 | 3.28
27.6 4280 3.83 3.53 3.22 2.65 2.02 1.64
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TABIE: 3.2 TEST: 003
Sample behaviour during time of exposure to drilling mud.

Pressure (metres of water)

Material Time Filtrabe Tapping No.
(minutes) | Volume Tos T 1T R - S D
(litres) -
Position along sample from datum (om)
0 ] 64 .} 114 216. .| .318 | h2o
2 Y .56 7.98 .32 .26 .19 .13 13
1 .56 7.98 .51 .26 .19 .3 .13
2 .56 7.98 A .26 .19, .19 13
5 .56 7.98 .26 .26 .19 .19 .13
10 .56 7.98 .19 .19 .19 .19 .19
60 .56 7.98 .19 .19 .19 19 1 .19
180 -1 .58 4T 98 19 19 b g .19 .J9
3 > S+ ML 0N B DS [ R A ZIC BB 7~ 13
1 1.05 798 1 6.68 5,48 2,90 + .95 it
2 1.25 7.98 7.50 4.4 2.02 .82 o
5 1.30 7.98 7.63 1 .70 A4 19 .19
10 1.30 7.98 7.75 1 .32 19 .19 .19
20 | 1.30 7.98 7.56 ' .19 .19 | .19 .19
60 1.30 7.98 7.50 1,19 19 0 .19 . .19
180 1.31 17.98 | 7.50 | .19 19 | .19 1.9
3 % 2.3 7.56 6.11 5.23 3.53 | 2.5 ¢ .70
1 3.7 7.98 . 6.49 5,7k 3.97 ¢ 2.46 ! 1.01
| 2 9.1 7.98 1 6.68 | 5.80 h.oob |1 2.59 1.20
5 12.8 7.98 | 4.73 b,29 | 3.22 | 2.21 1.20
10 14.9 7.98 2.84 2.65 2.15 | 2.21 | 1.20
20 15.0 7.98 2.21 1 2.18 1.83 | 1.52 1.20
4o 15.0 7.98 1.83 1.58 1.337 | 1.20 1.14
120 15.0 7.98 1.70 1.58 1.36 | 1.23 1.14
180 15.0 7.98 1.95 1.77 1.50 | 1.26° | 1.14
il 5 7.6 7.98 6.28 5.61 .o 0 3.34 2.15
1 7.98 | 6.62 | 5.99 | 4.98 | 3.72 | 2.4
Did not look at all like sealing - sample isolated after 2 minutes.
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-V4 Test 004, Results and Observations

Mud was made up as 63% by weight Aquagel. Mud was circul~
ated for 3 hours prior to starting the test and mud properties main-
tained as follows for the duration of the tesft.

Temperature = 21°¢

Specific gravity = 1.04

Marsh funnel viscosity = 48 seconds

API Filter press (3 area) 75 minutes = 2 cc
30 minutes = 4 cc

FFilter cake thickness = 1/32" to 2/32"

Mud was circulated at a velocity of 125 ft/min. past the face of
the sample materials and a pressure differential of approximately 21
psi was maintained for the exposure duration of 4 hours 10 minutes.

After the 250 minutes of exposure to the mud flow the test appara-
tus was isolated and all mud drained from above the samples. Water
was then washed through the test cell for thirty minutes to clean
all mud from the apparatus. Water was then added and left standing
3 inches deep above the sample material faces for 68 hours.

The permeability of the sample materials was then retested in
their present condition.

The samples were then removed, inspected, the top 25 mm re-
moved from each material, reinstalled and retested for permeability
to estimate the extent of damage caused by the mud.

Finally the samples were removed and in two cases where
marked layering of the sample material was evident closer inspection
of the individual layers was made.

Material 2
Porosity = 40%

2
(original} Non-linear Ko = 1/a = 154 mm/min, b/a = .033
(Table 4.1, Wigures 4.16, 4.5}
See Table 4.2. An effective seal was formed within L minute
(somewhere in the top 64 mm of the sample) which prevented any
further loss of mud filtrate beyond .92 litres. The total collected

"2\
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filirate volume of . 94 litres indicates an esitimated depth of mud il
irate penetration of 365 mm.

The mud was drained from the apparatus and then water was
flushed through the test cell to rémove all mud from the
apparatus. Water was then Jeft standing 3 inches deep above the
sampie face for 68 hours prior to retesting the material permeability.

Under a pressure of 20 psi water initially flowed slowly from the
sample but in a very short time the flow increased and indicated an al-
most complete return to original permeability. The material was
flushed through for approximately 15 minutes and permeability tests
carried out (see Table 4.1 and Figure 4. 1b),

The sample was removed from the apparatus and inspected.
Remains of a distinct sealing layer in the fop 10 mm of the sample
were evident in patches over the cross sectional area of the top of the
sample. 1t is the author's opinion that the 10 mm sealing laver was
broken up by the water washing of the test cell which was
carried out immediately after the cessation of mud flow. In the pre- ;
vious lest 003 the same procedure was applied but the scaling laver
remained intact and prevented any flow of clean water even under
pressures of 12 pst. The washing was more genily carricd out in
Test 003. !

The top 25 mm were removed from the sample which was then
reinstalled and retested for permeability. Minor water flushing was
carried out.

The results of such tests were as follows: -

{exposed) Non-linear Ke= 1/a = 149 mm/min, b/a? = 0.042
(Table 4.1, igures 4.1b, 4.5)

With the available accuracy there appears to be no permanent
damage to the material beyond the sealing layer which developed in
the top 10 mm of the sample.

Material 6 g

Porosity = 32%

(original) 0-216 mm Non-linear K, = 1/a = 310 mm/min, b/a =.280
216-318 mm Non-linear Ky=1/a = 40 mun/min, b/a2 =.000

318-450 mm Non-linear Ko=1/a =108 mm/min, b/a2 = .06
(Table 4.1, Iigures 4.2a, 4.5}

As can be seen the material has various layers of differing
permeability throughout its length. Probably the variation is due to
non-uniform porosity of the sample.
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See Table 4.2 and IMigure 4.6. An effective seal formed within
two minutes which prevented any furiher loss of mud filtrate beyond
1. 35 litres. The seal has formed somewhere hetween tappings 3 and
4. This corresponds {o the position of the least permeable laver
(Ko = 40 mm/min) between 216 and 318 mm f{rom the exposed face,
The total collected filtrate volume of 1.39 litres indicates that mud fil-
trate had penetrated the entire sample length {estimatled penetration =
675 mmb}.

After draining and washing of the mud from the test apparatus
the sample was leflt under water for 68 hours. Then attempis were
made to flush water through the sample. Under pressures up to 25
psi not much more than a trickle could be forced through the sample.
Two permeability tests were carried out at these low flow velocities
and are recorded in Table 4.1 and IMigure 4.2b.

The sample was removed from the apparatus and inspected.
There was a noticeable layver of reduced permeability in ithe top 10mm
of the sample, but it was not distinct. The effeclive sealing laver

was clearly visible between tappings 3 and 4 (216-318 mm}. In fact, i

the seal was visually apparent and was recorded as being a definite 20
mm thick layer between 280 and 300 mm from the sample fop.

The top 25 mm were removed from the sample which was re- i
installed and then the material was retested for permeability. Iixten- ’
sive attempts to water flush the sample clean and improve the flow
through the sample proved fruitless. Pressures up to 25 psi were
applied with virtually no improvement in sample permeability.

The sealing layer at 280-300 mm was very difficult to erode and
a maximum flow velocity of only 180 mm/min atl an applied pressure
differential of 21 psi was all that was attained.

A single permeability test result was obtained and the material
behaviour assumed to be linear at such a low velocity (102 mm/min).

The permeabilities of the various layers as indicated by tests on
both the full sample length and the sample minus the top 256 mm were
as follows:-

Full sample (2 points) Sample minus top 25mm
(exposed) 0-216 mm Kg = 30 mm/min. Ke = 59 mm/rin.
216-318 mm Ke= 1.4 mm/min. Ke = .8 mm/min.

21 mm/min. Ke = 27 mm/min.
(Table 4.1, Figure 4.2b)

At such low llow rates hvdraulic gradients within the layers out-
side the seal are very small and large errors can be cxpected. Under
such circumstances there appears to have been little change in the
sample permeability beiween tests on the full sample length and the

i

318-450 mm Kg

i A

s i s,

T
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single test on the sample with the top 25 mm removed. The full
sample results have been plotted in Kigure 4.5,

The sealing layer was seen to be only 20 mm thick (280-300 mm).
1f the pressure drop is not averaged over the distance between tapp-
ings 4 and 5 but assumed to take place over the 20 mms of the secaling
laver the permeability within the layer will be of the order of 0.2
mm/min.

The material lavers outside the sealing layer have all undergone
an apparent reduction in permeability of the order of 80-90%.
{(0-216 mm, Ko = 310 mm/min, Keg = 30 mm/min) (318-450 mm,
Ko = 108 mm/min, Ke = 21 mm/min). [t is the author's opinion
that these layers would clean up considerably if higher velocities of

flow through the sample could be achieved. Being unable to improve 5

the impermeable sealing layer (280 - 300 mm) has limited the avail-
able velocities and thus adversely affected the chances of improvemernt
in less damaged layers of the sample material.

The sample was finally removed from the apparatus and inspect-
ed. Visual banding of the material was evident throughout the sample
length. In some cases the bands covered the {ull cross scctional
area whilst in others they appeared to be of variable depth and area.
Distinct bands of finer looking material were recorded atl the following
distances from the sample top.

(1) . 205 - 230 mm

(i1) 280 -~ 300 mm (distinct sealing layer)
(iii) 355 - 380 mm
(iv) 420 - 450 mm

The material from the sample was removed and sieve analyses
carried out on the following four separate portions of the sample:

(iy 25 - 165 mm
(iiy 165 - 270 mm
(ii1y 270 - 370 mm
(ivy 370 - 450 mm

The results of these analyses (Table 4.3 and Figure 4. 8) reveal-
ed little variation in the grading of the material throughout the sample.

Material i
Porosity = 40%

(original) Non-linecar Ky = 1/a = 609 mm/min, b/aZ = .23
(Table 4.1, IMigures 4.3a, 4.5}

e o,

A



Vi b

See Table 4.2 and Migure 4.7.  An cffective seal formed grad-
ually over 10 minutes which prevented any further loss of mud filtrate
beyond 41 litres. The seal appears to be above tapping 1 and thus
somewhere between 0 and 64 min. from the exposed face.  Whole mud
solids passed through the entire sample in the early stages of this
test prior to the formation of the seal.

The mud was drained from thc apparatus and then water was
flushed through the test cell to rémove all mud. Water was
left standing 3 inches above the sample face for 68 hours prior to re-
testing for permeability.

Under a small pressure of about 5 psi water tflowed through the
sample. The pressure was increased to 20 psi and complete flushing
of the sample was carried out for approximately 15 minutes. Perm-
eability tests were then carried out on the full length sample (see
Table 4.1 and Tigure 4.3b}.

The sample was removed from the apparatus and inspected. The
remains of a distinet sealing layer in the top 10 mm of the sample
were evident in patches over the cross sectional area of the exposed
face of the sample. It is the author's opinjon that the 10 mm sealing
layer was broken up by the water flushing of the test cell which
was carried out shortly after mud exposure ceased. In Test 003 the
same procedure was applied but the sealing layer {(not as distinct as
in this test) remained intact and prevented any flow even under 15 psi
applied pressure.

The top 25 mm were removed from the sample which was re-
installed and retested for permeability after flushing with water at
pressures up to 20 psi. The flushing was extensive but no further
improvement was noticeable.

The results of permeability tests on the exposed sample after
maximum rchabilitation attempts were as follows:-

(exposed) Non-linear Ke = 1/a = 566 mm/min, b/a” = 0.4
(Table 4.1, Wigures 4.3b, 4.5}

This would tend to indicate that only minor permanent damage

beyond the top 10 mm seal has been done (permeability reduction of 77
. . 2. s

However, for materials with b/a > 0.1 the reliability of extra-
polating non-linear equations (i = aV + bV2) as determined from only
3 points to a value of permeability Ik = 1/a is very low. In such
cases, estimates of damage may be more reliably evaluated by comp-
aring the hydraulic gradients necessary to achieve specified flow vel-
ocities. This was done for two velocities and the results were as
follows:
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Vid. 6
(From Figure 4.5)

Specified flow Percentage change in

Velocity mm/min. permeability from the original
4000 - 407
2000 -31%

The entire sample material beyond the sealing top 10 mm layer
has suffered an overall permanent reduction in permeability of the
order of 35%.

3/16" Pea Gravel

Porosity = 38%

The material was placed in several layers, cach of which ex-
hibits differing flow behaviour.

(original) 64 - 114 mm Non-linear Ko = 1/a = 250 mm/min, b/a2=.16
114-216 mm Non-lincar Ko = 1/a = 1050 mm/min, b/a2-1.5
216-318 mm Non-linear Highly permeable K estimate
10, 000 mm/min,
318-450 mm Non-linear Ko » 1/a-650 mm/min, b/aZ-1.9
(Table 4.1 I'igures 4.4a, 4.5)

See Table 4.2. Whole mud passed through the sample. After
4 minutes, 34 litres had been collected and no scal looked likely to be
developing. The valve in the line below the samplc was shut off and
the sample thus isolated from any further mud infiltration. After 4
hours of mud flow exposure, (i.e. just prior to completion of the test)
the valve was opened and the sample re-esxposed to the pressuriscd
mud flow. Whole mud again flowed through the sample at a rate
which indicated that no seal had developed under the previous 4 hours
of static conditions.

The sample was left covered with water for 68 hours after mud
exposure had ceased. When retested for permeability, the mud
sitting within the sample was quickly flushed out and the material was
then retested for permeability.

‘)\

For materials with b/a” > 0.1 the reliability of extrapolating

non-linear equations (i = aV+bu2) as determined from only 3 points
to a value of permeability K = 1/a is very low. Istimates of damage

to the exposed sample material layers were thus evaluated by com-
parisons of the hydraulic gradients required to induce specified {low
velocities within the material (From Figure 4. 5).



VLT

Specified Percentage variation in permeability from the
Flow Velocity original material
mm/min Bd-11dmm {114-216mm [216-318mm | 318-450mm
4000 ~24% 0% 0, 0%
2000 - 32% - 2% - 3% - 10

“he least permeable original layer (64-114 mm, Ko = 250 mm/
min) has suffered a permanent reduction in permeability of the orderof
25-30%. The two more permeable original lavers (114-2186,

Ko = 10530mm/min: 216-318,K,# 10, 000 mm/min) have been virtually
undamaged. The material bevond 318 mm (Kg = 650 mm/min) has
suffered minor damage resulting in a reduction in permeability of the
order of 5%,

If this sample had been exposed for a much longer period than 4
minutes, a seal may have cventually developed in the least permeable
layer.

The sample was then removed from the apparatus and inspected,
Visual banding of the material with depth in the sample was cvident buf
no lavers were clearly defined. The material was removed irom the
sample and sieve analvses carried out on the lollowing four separate
portions of the sample:

{i} 0 - 114 mm
{iiy 114 - 216 mm
{(iii> 216~ 318 mm
{ivi 318~ 420 mm

The resulls of these analvses (Table 4.3 and IMigure 4.8 reveal-
ed little variation in the grading of the material throughout the sample.
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TABIE: 4.1 TEST: 004
Permeability testing of material samples

Values. of pressure (metres of water) as recorded at various positions along the
sample for a measured flow of water through the sample.

Material| Flow [Velocity Tapping No,
Rate | -
litres/ mm/min | Top .. ....{. .1 |.2 L 3. N
min
Position algig sample from datum (mm)
....... [ 40725 | BUTT T IR 216 318 | Ba0
........ MATERIAL TESTS BEFORE EXPOSURE TO DRILLING MUD. . .
2 20.74 } 3210 [16.07 14,24 |12.54 | 9,01 § 5.48 | 1.7
115.25 | 2360 [10.40 9.26 | 8.07 | 5.74 | 3.41 | 1.01
10.27 | 1590 | 6.40 | 5.02 | 8,93 ] 3.38 1 1.96 | 0.51
4.91 760 | 2.63 2.16 | 1.86 | 1.14 | 0.70 | 0.07
6 12.53 | 1940 [16.83 16.45 115.31 |14.11 | 7.25 | 3.47
9.54 | 1480 [12.06 | 11.66 {10.90 |10.08 | 4.98 | 2.33
6.69 | 1040 | 7.61 : 7.25 | 6,81 | 6.24 | 3.03 | 1.39
3.50 543 | 3.22 [ 3.09 | 2.8% ; 2.65 | 1.20 | 0.51
3 35.00 | 5430 p4.71 12.92 11.66 i 8.95 | 6.11 | 3.47
29.0 4500 {10.86 9.33 | 8.38 | 6.37 | 4.35 | 2.40
20.4 .| 3160 | 6.09 5,11 | 4,501 3,81 1 2,27 | 1.14
12.13 '| 1880 | 2.54 2.08 { 1.77 | 1.26. | 0.70 | 0.19
3/16" (24,78 | 3840 [16.15 15.44 12,48 |10.15 | 9.26 | 2.40
Pea 19.72 | 3060 [11.61 10.71 | 8.51 | 6.87 | 6.30 | 1.45
Gravel |13.56 | 2100 | 5.79 5.17 | 4.0d 3 15 | 2.90 | 0.58
I 1 8.29°1°1280 | 2.62- |- - | 2,02 | 3.52 | 1.20 | 1.01 | 0,07
MATERTAL TESTS AFTER EXPOSURE TO DRILLING MUD
......... ... ... Full Sample length .
2 16.18 | 2510 {14.56 11.3% 1 9.33 | 6.24 | 3.47 | 1.33
10.82 | 1680 | 8.51 6.43 1 5.30 { 3.59 ! 1.89 | 0.70
4,79 Th2 | 3.22 2,21 | 1.83 ¢ 1.20 | 0.70 | 0.19
6 1.4 | 177 |14.94 14.68 [14.30 {13.80 | 1.70 | 0.82
0.60 93 | 9.27 9.01 | 8.82 | 8.51 | 0.82 | 0.38
3 22.50 | 3490 [11.53 9.5 | 7.88 | 5.61 | 3.3% | 1.33
18.12 | 2810 | 7.76 6.43 1 5.36 | 3.85 | 2.27 | 0.89
' 11.73 | 1820 | 3.98 3.15 | 2.59 | 1.83 | 1.07. | 0.32
3/16"  |22.94 | 3560 {15.84 14.30 [10.78 | 8.63 | 7.88 | 1.26
Pea 15.53 | 2410 | 9.12 7.75 | 5.61 | bL.48 | 4.04 | 0.63
Gravel | 9.98- (1550 [ 4. 73] - 03,5371 2.52 | 1,96 1.83°1 0.25
MATERTAL TESTS AFTER EXPOSURE TO DRILLING MUD
Top 25 mm .removed from sample
2 18.94 | 2940 14.63| 13.80 |11.53 | 7.75 | 4.35 | 1.64
13.40 | 2080 9.19¢{ 8.5L | 7.12 | 4.73 | 2.59 | 0.95
7.20 | 1120 3,901 3.66 | 3.09 | 2.02 | 1.07 | 0.32
6 0.66 | 102 14.861 14,56 j1k.43 114,30 | 0.57 | 0.19
3 26.53 | 4110 12,16 {10.40 | 7.50 | 4.60 | 1.83
20.30 | 3150 7.37 1 6.30 | 4.54 4 2,711 1.07
B 12.11 | 1880 3.03 | 2.59 ¢ 1.83 | 1.07 { 0.38




TABIE: 4.2
Sample behaviour during time of exposure to drilling mud.

TEST: 004

B3

3 ke

Material Time Filtrate Tapping No.
‘ (minutes) | Volume —
(litres)|{. Top. | 1. . |..2. |..3.. .| 4. 5
Pogition along sample from datum (mm)
_____ 0. [.6E T aIn T 216 | 318 420
2 e 1.89 | 1.45 57 .13 .13
1 0.92 | 15.31 .82 70 | LJab .19 .19
2 0.92 | 15.31 70 | .57 .32 .19 .19
5 0.92 | 15.31 L 44 .32 | .19 19
10 0.92 | 15.31
20 . 0.92 | 14,94 .26 .26 .26 .26 .26
60 0.93 | 14.70 26 | .26 .26 26 .26
180 0,98 1420 |0 260 u26 0 260t .26 1 26
6 % 1,10 T3780 [ 13.29 | 12.4T | 2.6 | 1.20
1 1.25 | 15.31 | 14.30 | 14.17 | 13.92 | 1.32 | 0.70 i
2 1.35 | 15.31 | 14.30 | 14.05 | 13.67 | 0.82 | 0.32
5 1.35 | 15.31 | i4.68 | 1443 1 13.92 |.0.32 | 0.32
10 1.35 | 15.31 | 14.68 | 14.30 | 14.17 | 0.19 | 0.19
20 1.35 | 14,94 | 14.55 | 14.30 |14.17 | 0.26 . .13
60 1.35 | 14.70 | 14.30 | 13.60 | 13.35 .19 ! .13
‘ 180 1.39° |'14.20 |'13.60 }'13.40 {13.60 | .19 | .13
3 % 3.80 12.28 | 10.77 | 7-75 | B.73 | 1.96
1 8.15 | 15.31 | 12.54 ! 11.02 | 8.00 | 4.98 : 2.21
2 15.10 | 15.31 | 12.16 | 10.65 | 7.88 | 4.85 | 2.21
5 30.40 | 15.31 |10.14 | 8.76 | 6.49 | 3.97 | 1.96
10 40.80 | 15.31 | 3.46 | 2.96 { 2.46 | 1.70 | 1.07
20 41.10 | 14.94 | 1.58 | 1.58 | 1.39 | 1.20 | 1.07
60 43,10 | 14.70 | 2.59 | 2.46 | 1.96 | 1.45 | 1.07
| 180 41,70 | 14.20 171,267 1,22 1 1.18 1 1.20 | 1.03
376" Iz .9 13.00 | 9.90 | 7.80 | 5.00 | 1.58
Pea 1 ~10.0 15.31 | 13.70 | 10.00 | 7.50 | 6.50 | 1..83
Gravel 2 19.0 15.31 |13.55 | 9.65 | 7.25 | 6.37 | 1.83
4 33.5 15.31

Did not look at all like sealing - sample isolated after 4 minutes




Table 4.3: Grain Size Distributions of Sectioned Portions of
Material 6 and 3/16" Pea Gravel
Material 6
Size (mm) Percentage Finer by Weight
‘ 25~1656mm | 165-270mm 270-370mm | 370-450mm

9.50 100 100 100 100
4,75 79.8 74.5 77.0 78.8
3.35 58.1 56.2 59.0 60.1
2.41 41.5 39.5 43.0 44.17
1.00 18.7 17.5 21.3 22.1
0.50 8.9 8.5 11.3 11,3
0.25 3.0 3.5 6.7 4.2
0.10 1.0 0.7 0.6 1.3
Pan 0.0 0.9 0.0 0.0

3/16" Pea Gravel

Size (mm) Percentage Finer by Weight
0-114mm | 114-216mm 216-318mm | 318-420mm

9.50 100 100 100 100
4.75 74.5 79.3 79.3 76.8
3.35 40.0 46.0 44.8 45,1
2.41 22.8 28.1 24.7 25.1
1.98 15.4 14.7 13.3 16.7
1.00 6.1 5.0 1.9 5.1
0.50 2.7 2.2 0.8 2.2
0.25 1.01 1.0 0.4 1.1
0.10 1.0 1.0 0.4 0.8
Pan 0.0 0.0 c.0 0.0




VoLl

V5 Test 005 Results and Obsgervations

Mud was made up as 65% by weight Aquagel and 6% by weight of
a prepared sand, the grading of which is shown in Figure 1.1.
The sand added was of similar grading to a sample of sand which was
carried by the drilling mud during rotary drilling of a typical hole in
unconsolidated sediments in New South Wales.

The mud was circulated for 1 hour prior {o starting the test and
mud properties were maintained as follows for the duration of the
test.

Temperature = 240("

Specific gravity = 1.07

Marsh funnel viscosity = 50 seconds

Sand content = 1.75 - 2,25% (by volume}

API Iilter press (3 area) T} minutes 2.1 co
30 " = 4.2cc

Filter cake thickness = 1/32" to 2/32"

Mud was circulated at a velocity of 120 t/min. past the face of
the sample materials and a pressure differential of approximately 12
psi was maintained for the exposure duration of 3 hours.

After 180 minutes of exposure to the mud flow, the test appara-
tus was isolated and all mud drained from above the samples. Water
was then washed gently through the test cell for twenty minutes
to clean all mud from the apparatus.

Water was added and each material lushed with clean water
under applied pressures up to 20 psi until no further improvement in
flow was noticeable with continued flushing.

Each sample material was retested for permeability in its
present condition.

The samples were left covered with water for 16 hours
The samples were then removed, inspected, the top 25 mm re-

moved from each material, reinstalled and retested for permeability
to estimate the extent of damage caused by the mud.
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Material 2
Porosity = 3%%
. . . 2
(original) Non-linear W = 1/a = 102 mm/min, b/a” = .024

(Table 5.1, IFigures b.1a, 5.5

See Table 5.2 and TMigure 5.6. The behaviour of this material
with time during exposure to the mud flow was uncxpected and will
now be discussed in detail.

Within the initial & minute of exposure to the mud there was def-
inite evidence of the formation of an effective sealing layer somewhere
above tapping 1 (hence between ¢ and 64 mm}. The pressure drop
from 8.6 metres at the exposed face to 1 metre of water head at tapp-
ing 1 clearly indicates this seal's presence. The filtrate volume
passed at ¥ minute was 0. 43 litres corresponding to a depth of pene-
tration of mud filtrate of 170 mm. These resulis up to ¥ minute are
quite expected and compare well with results obtained in tests 002,103,
004 for material 2 exposed to 1% by weight Aquagel mud. In tests
002, 003 and 004 effective seals developed within the top 10 mm of the
sample within the irst + minute and the seals prevented filtrate losses
beyond . 1%, .58 and .92 litres for the respective tests.

However, with time the effectiveness of the seal above tapping 1
steadily decreases until a relatively stable situation is reached after
50 minutes of exposure. As the seal in the upper 64 mm ol the sample
deteriorated there was a continued flow of filtrate through the sample.

See Figure 5.6. Pressure tappings numbers 3 and 4 were vir-
tually unaffected until times of 2 and 10 minutes respectively. It is
significant that the collected filtrate volumes at such times indicate mud
penetration approximately coincidental with the tapping positions. [
would appear that a {ront progressed with time through the material.
Behind the front the material appears to be uniformly of lower perm-
eability than the original material still ahead of the moving front of
mud filtrate,

A stable flow situation appeared to be present beyond 50 minutes
of mud exposure. There was still a steady loss of mud filirate at a
rate of approximately 3 cc/min. At 50 minutes the pressure drop
from the face of the sample to tapping 1 has been reduced from the 5
minute value and was only [rom 8.9 to 4.5 metres of water head.

After the 180 minutes of mud flow exposure the mud was drained
from above the sample and all mud gently washed from the test appara-

tus. Clean waler was placed above the sample and pressure applied.

Under an applied pressure of 20 psi a minor degree of ushing



Va. 3

and flow improvenent was achieved,

The sample was retested for permeabilily (Table 5.1, Figure
5.1b).  There was still evidence of a distinet sealing layer some-
where above tapping 1 {i.e. somewhere between 0 and 64 mm?.

The sample was leff covered with water for 16 hours and then
removed and inspected.

There was a build-up of low permeabilily cakey material
approximately 10 mm above the initial exposed face of the material.
The lower portion of thetest cell had large quantities of
sand and mud lving in it. However, the cake build-up above the
sample was firmly attached to the sample and was considered to be
formed during the test.

A defined but not distinct layer of low permeability was evident
below the original exposed face to a depth of approximately 5 to 10
mms.

The top 25 mm were removed from the sample which was then
reinstalled and retested for permeability. Water flushing was
carried out until maximum possible restoration of permeability was
achieved,

The results of such tests were as follows:~
(exposed) 25-318 Non-linear Ko = 1/a - 66 mm/min, b/a2' = , 002

318-450 Non-linear Ke - 1/a = 62 mm/min, b/a? = .037
(Table 5.1, IMigures d.1h, b.

o
-

There has been an apparent reduction in permeability of the
order of 35-40% over the cntire sample {excluding the severe damage
in the upper 10 mm).

Alternative estimates of damage based on comparisons of the
hydraulic gradients necessary to achieve specified flow velocities
were made and are now given {from Figure 5. 5),

Specified Flow Percentage change in permeability from
Velocity mm/min the original
25-318 mm 318-450 mm
1000 ~56% -517%
400 -62% - 467

The following explanation for this material's bchaviour during
exposure to the sand contaminated Aquagel mud is offered.
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In the verv early stages a good seal developed just below the
sample face. This seal was then broken down by the impingement of
sand particles carried by the mud. The grading of the sand carried
by the mud (Figure ) was quite close to that of the sample maf-
erial. TDecause of this there can be very little opportunity for whole
mud solids to enter the voids of the sample and initiate an cffective
seal. A good seal did develop and may be considered a combination
of a cake build-up above the exposed face and a layer within the top
10 mms immediately below the sample facc.

The cake which built up above the sample face was probably
being perpetually eroded and reformed during mud flow periods.
This cake was not as impermeable nor as cffective a seal as a dis-
tinct internal sealing layer. Without the formation of a distinct and
effective sealing layver a small but continual steady flow of filirate
passed through the sample. The larger the filtrate flow the greater
the depth of possible invasion of the very fine mud particles into the
material.

In this case a total volume of 1.49 litres would indicate that mud
filtrate has penetrated the entire sample depth.

Permanent damage has been done to the material bevond the
upper 10 mm seal and a reduction in permeability of the order of 40+
60% has occurred.

Material 6
Porosity = 3 0%,

(original) 0-114 mm Non-linear ko = 1/a = 78 mm/min, h/a2=.13
114-216 mm Non-linear Ko = 1/a = 13 mm/min, bh/aZ=.013
216-450 mm Non-linear Ko =1/a = 76 mm/min, h/a2=,17

(Table 5.1, Figures 5.2a, 5.3}

As can be seen the material had various layers of differing
permeability throughout its length.

See Table 5.2 and Figure 5.7. The behaviour of the material
with time of exposure to mud {low will now be discussed.

With time of exposure there was evidence of the formation of a
sealing layer located somewhere above tapping 1 (i.e. somewhere
between 0 and 64 mm}. The effectiveness of this layer increased
with time until at the end of the 180 minutes of exposure to the mud
the seal accounted for a pressure drop from 9.25 metres to 0.7
metres of water and the filtrate flow rate had been reduced to 3 cc/
minute.
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It is interesting to note the behaviour of the less permeable mat-

erial layver between 114 and 216 mm. in the first 2 minutes the
pressure drop across this layer was a significant proportion of the
total drop through the whole sample. However, after 2 minutes

there was a steady reduction in the pressure drop across this layer
concurrent with the increasing pressure drop above tapping 1 caused
by the improved effectiveness of the sealing layer somewhere between
0 and 64 mm. After 50 minutes the head drop across 114-216 mm
was relatively insignificant and was even surpassed by the head drop
across 64-114 mm.

The sample beyond 64mm has apparently undergone a redistrib-
ution of flow resistance behaviour. The more permeable original
layers have suffered considerable reduction in permeability to the ex-
tent that they now have flow resistance values of similar magnitude to
the original least permeable layer.

The mud filtrate would have penetrated the entire sample length
after 8 minutes when the collected filtrate volume was 0.9 litres.

After the 180 minutes of mud flow exposure the mud was drained
from above the sample and all mud gently washed from the test appara-
tus. Clean water was placed above the sample and pressure applied.

Under an applied pressure of 20 psi a small degree of flushing
and flow improvement was achieved.

The sample was retested for permeability (Table 5.1, Figure
5,2b). There was only a mild pressure drop above tapping 1 and the
majority of resistance to flow was offered by the originally least
permeable 114-216 mm laver. A considerable reduction in perm-
eability of the material between 0-114 had occurred.

The sample was left covered with water for 16 hours and then
removed and inspected.

There was a build-up of low permeability cakey material approx-
imately 10 mm above the initial exposed face of the material sample.
A defined but not distinect layer of low permeability was evident to a
depth of 10mm into the sample.

The top 25 mm were removed from the sample which was then
reinstalled and retested for permeability. Water flushing was carried
out until maximum possible restoration of the sample was achieved.

The results of such tests were as follows:~

(exposed® 25-114 Non-linear Ke=1/a = 41 mm/min., b/aZ = .087
114-216 Non-linear Ke=1/a = 14 mm/min., b/a® - .024
216-450 Non -linear Ke=1/a = 65 mm/min., h/a? = .19

(Table 5.1, I'igures 5.2b,5.5)
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This sample was then removed and visually inspected. Banding

was evident as could be expected from the original packing ol the
sample. However, there was a distinct layver of [iner material vis-
ually apparent between 190 and 210 mm. Based on visual evidence
the material between 190 and 210 mm appeared to be most imperm-
eable whilst the material bevond 216 mm appeared to be more perm-
eable than that between 25 and 114 mm.

The original permeability of the material between 114-2 16mm
was averaged over the 102mm distance between the tappings numbetrs
2 and 3 although banding was visually apparent over this distance. It
would appear that between 190 and 210mm there was an original layer
of lower permeability than the remainder of the sample and that mud
fines have been trapped in this layer making it more visually apparent
when the final inspection was made. If the material were assumed to
be in layers 25-190, 190-210, 210-450mm, then the estimated perm-
eability of the exposed 190-210mm layer would be 4 to 5 mm/min.

Alternative estimates ol damage based on comparisons of the
hydraulic gradients necessary to achicve specified flow velocities
were made from Figure 5.5 and are now given.

Specified Flow Percentage change in permeability rom
Velocity mm/min the original
25-114 114-216 216-450
600 ~55% -10% - 29%
300 -50% - 4% 93,

There has heen considerably more damage done to the more
permeable original layvers. The original least permeable laver
(114-216mm) has suffered only minor permanent damage of the order
of 5%.

During exposure fo the mud the more permeable lavers (0-
114mm and 216-450mm} were reduced in permeability to values of
the order of the least permeable 114-216mm layer {i.e. K = 14 mm/
min'. These more permeable layers did rehabilitate considerably
when flushed with clean water. However, permanent damage result-
ing in reductions in permeability of the order of 50% and 25% for the
25-114mm and 216-450mm layers respectively was caused by the
flow of mud through the sample.

Material 3
Porosily = 39.58%

(original) Non-linear Ko = 1/a = 516 mm/min., b/fa® = .13
(Table 5.1, IMigures 5.3a, 5.9}
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See Table 9.2. An effective seal was formed within 1 minute
(somewhere in the top 64mm of the sample) which prevented any
further loss of mud filtrate beyond 0.7 litres. The total collecied
filtrate volume of 0.7 litres indicates an estimated depth of mud {il-
trate penetration of 275mm.

After the 180 minutes of mud flow exposure the mud was drain-
ed from above the sample and all mud gently washed from the test
apparatus. Clean water was placed above the sample and pressure
applied.

Under an applied pressure of 20 psi a degree of flushing and
flow improvement was achieved.

The sample was retested for permeability {(Table 5.2, Figure
5.3b). The sealing layer above tapping 1 was still quite effective
whilst the remainder of the sample showed very little change from
the original.

The sample was left covered with water for 16 hours and then
removed and inspected.

There was no visible variation in the material throughout the
sample beyond the top 10mm. A distinct sealing layer was evident in
the top 10mm of the sample. This layer contained considerable
sand fines from the mud. The sealing layer was quite easily broken
up when a slow flow of water from a hose was played directly upon it.

The top 25mm were removed from the sample which was then
reinstalled and retested for permeability. Only minor water flush-
ing was necessary to achieve optimum restoration of the sample.
The permeability test results indicated:

(exposed) Non-linear K¢ = 1/a = 579 mm/min, b/aZ = 0.21

(Table 5.1, [Figures 5.3b, 5.5)
g

This would indicate an improvement in permeability. Tlowever, for
materials with b/a2 > 0.1 the reliability of extrapolating non-linear
equations (i - aV + bV2) as determined from only 3 points to a value
of permeability K = 1/a is very low. In such cases, estimates of
damage may be more reliably evaluated by comparing the hydraulic
gradients necessary to achieve specitied flow velocities. This was
done for 2 velocities and the results were as follows (sec Figure 5.95).

Specified Flow Percentage change in permeability
Velocity mm/min. from the original

6000 -12%

3000 0

With this sand contaminaied Aquagel mud system an effective
seal developed almost immediately within the top 10mm of the sample
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and the remainder of the sample suffercd negligible permanent dam-
age, i any.

Material 4
Porosity = 41%

{original} Non-linear Ko = 1/a = 1400 mm/min, b/'a2 = .38
(Table 5.1, Iigures 5.4a, 5.5}

See Table 5.2. An effective seal was formed within L minute
{somewhere in the top 64mm of the sample) which prevented any
further loss of mud filtrate beyond 0. 8 litres. The total collected
filtrate volume of 0.8 liires indicates an estimated depth of mud
filtrate penetration of 300mm.

After the 180 minutes of mud flow exposure the mud was
drained from above the sample and all mud gently washed from the
test apparatus. Clean water was then flushed through the sample
under an applied pressure of 20 psi. Only minor flushing was
possible and the seal (somewhere in the top 64 mm) was still quite
effective as illustrated by the permeability testing which was carricd
out at the time (see Table 5.2 and [Figurc 5.4b).

The sample was left covered with water for 16 hours and then
removed and inspected.

A distinct sealing layer was evident in the top 10mm of the
sample. This layer contained a large quantity of the sand which
had been added to the Aquagel mud. The seal was quite casily
broken up by gentle direct hosing. The remainder of the sample
appeared no different from its original state.

The top 25mm were removed from the sample which was
then reinstalled and retested for permeability. Only minor water
flushing was nccessary to obfain optimum restoration.

The permeabilitly test results indicated -
(exposed) Non-linear Ke = 1/a = 2150 mm/min, b/a? = 1.5
(T'able 5.1, Iigures 5.4b, 5.5

A more reliable estimate of damage was made by comparing
the hydraulic gradients necessary to achieve specified flow vel-

-
Joe

ocities. This was done from the resulfs shown in Figure 5.9

Specified Flow Percentage change in permeability |
Velocity mm/min. from the original i
8000 -27%
4000 -12% i
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It is interesting to compare the behaviour of this maierial here
with the results of Test 003. In Test 003 an uncontaminated 6l
Aquagel mud would not seal the material at all and mud filtrate was
easily washed from the sample, resulting in negligible permanent
damage. The addition of sand to the mud has drastically altered its
sealing abilitv. The sand-Aquagel mud system very quickly and
effectively seals this material. However, the material in this test
005 suffered a permanecnt reduction in permeability of the order of
15-20%.
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‘TABLE: 5.

Permeability testing of material samples

1

TEST:

005

Values of pressure (metres of water) as recorded at various positions

along the sample for a measured flow of wabter thro_;;'g_h_ the sarple.

| Material

Flow

Velocity S
Rate. Pepping MNo.
litres/| m/min | Top . 1 2 _}; 3 ,{ i 5
BAN4Y
Position along sample from datum (mmn)
0 Tos -6 | omb | 216--]--316 | %20
MATERTAL TESTS BEFORE EXPOSURE TO DRILLING MUD .
2 14.36. | 2230 |4.71 13,11 | 1r.an | o7.obh ol B29 | .20
10.01 7 1610 |9.95 8.57 | 7.uh | 5.17 | T2.71 | 0.70
6.80 | 1050 | 5.57 4.85 | L.22 | 2.90 | 1.52 | 0.32
2.81 435 | 1.94 1.68 | 1.5 | 0.95 | 0.4 | 0.00
6 k.60 713 115.84 15.56 | 14.56 4.98 2. 40 0.13
3.27 507 110.18 9.89 | 9.26 | 2.90 | 1.39 | 0.07
2.08 322 | 5.26 5.17 | 4.85 | 1.45 | 0.70 | 0.00
3 34.8 5000 113.05 11.72 | 10.40 | 8.00 | 5.30 | 3.03
26.0 4030 | 8.29 7.31 | 6.43 | 4.92 | 3.15 | 1.70
16.00 | 2480 | 3.90 3,47 1 3.03 | 2.27 | 1.39 | 0.70
4 52.0 | 8060 [13.12 11.7% | 10.84 | 9.01L | 7.19 | 5.23
38.27 | 5930 | 7.53 6.68 | 6.18 | 5.04 | 3.91 | 2.78
2o b 37200 |°3.37 2.88 | 2:59 | 2.8 | 1.52 | 1.01
MATIRT AL TESTS AFTER EXPOSURE TC DRLLLING MUD
....... Full Sample Length .
7 2.L2 374 113,80 yu1 | 378 | 2.6 | 1. | 0.13
1.53 237 | 7.76 46 | 2.08 | 1.33 | 0.57 | 0.00
0.88 136 | 3.98 1.26 | 1.07 | 0.63 | 0.25 |~0.06
6 1.71 265 {14.56 12,29 1 11.28 | 2.65 | 1.26 | 0.07
1.08 167 | 8.51 7,32 | 6.56 | 1.26 | 0.70 |-0.06
3 12.6 1950 [14.94 2,21 | 1.83 1 1.20 | 0.57 { 0.13
7.6 1180 | 8.29 0.82 | 0.63 | 0.44 | 0.07 |~0.1
3.8 589 | 3.68 0.13 | 0.07 | 0.00 | ~0.19 |=-0.31
I 11.4 1770 1577 0.8 | 0.70 | O.Lh | 0.26 | 0.07 |
6.4 992 | 8.21 | 0.19 | 0.13 | 0.00 | ~0.06 |-0.12
3.6 558 | 3.83 | ~0.06 | -0.12" | -0.,12"| -0.19 |=-0.19
MATERTAT, TEST AFTER EXPOSURE TO DRILLING MUD
 Top 25 mm removed from sanple
2 7.04 | 1090 1ih.33 | 13.80 | 11.78 | 7.75 | 3.53 | 0.63
4,48 695 7.76 7.50 6.37 b.16 1.83 0.25
2.46 381 3.68 3.53 | 2.96 | 1.96 | 0.82 | 0.07
6 380 589 iion 11,93 | 13.30 | 5.11 | 2.46 | 0.19
2,60 409 §.82 8.76 | 7.88 | 2.78 | 1.33 | 0.07
1.20 186 2.85 o8t | 2.2 | 0.82 | 0.51 |~0.06
3 36.8 5710 1M.33 L 1h.05 1 12.41 | 9.64 | 6.2 ¢ 3.59
28.0 11340 8.51 8.38 | 7.37 | 5.74 | 3.53 | 1.89
18.0 2790 3.98 3.97 | 3.53 | 2.65 | 1.58 | 0.70
4 48.6 7530 13.35 | 12.67 | 1.4 | 9.01 | 7.00 | 5.0H
38.0 5890 7.76 725 | 6.56 | 5.7 | 3.97 | 2.78
2h,2 3750 3.60 3.1 | 2.09 | 2.33 | L.77 | L.20




TABIE: 5.2 TEST: 005
Sample Behaviour during time of exposure to drilling nud.

.. Pressure (metres of water)

EANeE

Material Time Filtrate Tapping No.
(minutes) Volume | Top 1 N il T8
: (litres) !
Position along sample from datum (mm)
...... 0 64 | 118 | 216 | 313 |40

2 A 43 3.66 .95 E .32 .19 07
1 .55 8.66 1.83 95 .32 .19 L7
2 .66 8.66 2.84 1.83 .32 .19 .32
5 7 8.66 3.85 2.96 1.20 .32 .13
10 .86 8.74 .35 3.47 1.70 .32 .32
20 .93 8.89 4,48 3.58 2.08 Y .26
60 1.13 8.89 4,48 3.78 2.52 1.26 | .07
180 1,49 925 1 3.90 3.66 2.46 1.20 .32
6 3 L0 3.66 2.00 1.20 .32 .19 07
1 .53 8.66 3.59 2.71 .19 .19 LO7
2 .65 8.66 3.72 2.96 Y .13 L7
5 .80 8.66 3.59 2.96 1.20 .70 .13
10 .95 8.74 3.22 2.46 1.20 .70 .19
20 1.15 8.89 2.84 2.08 1.20 .70 | 13
60 1.65 8.89 1.89 1.33 1.07 L0 232
] 180 2,16 ) 9.25 0.70 Y e BT o1 .32
3 %5 .70 8.66 oy .07 07 07 0 07
1 .70 8.66 .19 .07 07 .07 07
60 .T0 8.89 .19 .13 LO7 .07 .07
B cloaBo o b U700 v 9,25 A9 0190 AT o7 0T
4 i .80 0.66 Yi .32 LOY 07 LO7
1 .80 8.66 .32 .32 .07 07 07
60 .80 8.89 .13 LO7 .07 07 .07
180 .80 §.25 .07, 07 07 07 .07
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V6 Test 006: Results and Observations

This test was run using the same materials and mud system as
for test 005. The major difference was that the differential pressure
was increased from 12 psi (test 005 to 21 psi (test 006).

The mud was approximately made up as 6.7 by weight Aquagel
and 6% by weight of a prepared sand, the grading of which is shown in
Figure 1.1. The sand added was of similar grading to a sample of
sand which was carried by the drilling mud during rotary drilling of a
typical hole in unconsolidated sediments in New South Wales.

The mud was circulated for one hour prior to starting the test
and mud properties were maintained as follows for the duration of the
test.

0
Temperature = 24 C

Specific Gravity = 1.075

Marsh Funnel Viscosity = 56 scconds

Sand Content = 1,75 -2.2%%(by volume}
API Filter Press (1> area) '7-,15 minuies = 2.4 cc

30 " = 5.1 cc
Filter cake thickness = 1/32" to 2/32"

Mud was circulated at a velocity of 120 ft/min. past the face of
the sample materials and a pressure differential of approximately 21
psi was maintained for the exposure duration of 70 minutes.

After the 70 minutes of exposure to the mud flow, the test appara-
tus was isolated and all mud drained from above the samples. Water
was then washed gently through the test cell for twenty minutes fo
clean all mud from the apparatus.

5]

Water was added and the samples left under 3 inches of water
for 20 hours. Pressures up to 20 psi were then applied to each
sample and clean water flushing carried out until no further improve-
ment in flow could be obtained.

Each sample was retestied for material permeability in its pres-
ent condition.

The samples were left covered with water for 54 hours.

The samples were then removed, inspected, the top 25 mm re-
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\VEL 2

moved from cach material, reinstalled and retested for permeahbility
to estimate the extent of damage caused by the mud.

Material 2

Porosity = 39%
(original) Non-linear Ko = 1/a = 108 mm/min, b/a® = .034
(Table 6.1, KFigures 6.1a, 6.5}

See Table 6.2 and TFigure 6.6, The behaviour of the sample to
the pressurised mud flow is similar to that exhibited in test 005,
Only a brief report will be made here since a rigorous discussion was
previously given in Section V5.

Within the initial 3 minute of exposure to the mud there was
definite evidence of the formation of an effective sealing layer some-
where above tapping 1 (hence between 0 and 64 mm'.The filtrate vol-
ume passed at 3 minute was .4 litres corresponding to a depth of pen-
etration of mud filtrate of 160 mm.

However, with time the effectivencss of the scal above tapping |
steadily decreased until after 5 minutes of exposurc a stable condition
was reached. As the seal in the upper 64 mm apparently deteriorat-
ed there was a continued flow of filtrate through the sample.

See Figure 6.6. Pressure tappings 3 and 4 were unaffected un-
til times of 2 and 10 minutes respectively. The collected filtrate
volumes at such times indicate estimated depths of mud filtrate pen-
etration approximately coincidental with the tapping positions.

Beyond 5 minutes the situation appeared stable with a continuing
small but steadv flow of mud filtrate at a rate of approximalely 3 cc/
min. The pressure distribution clearly indicated that a reasonable
seal still existed somewhere above tapping 1, but il was not as effect-
ive as it had been in the first s+ minute.

After the 70 minutes of mud flow exposure the mud was drained
from above the sample and all mud gently washed from the test app-
aratus. The sample was left covered with clean water for 20 hours.

The sample was then subjected to an applied pressure of 20 psi
in attempts to break the seal and flush the material. Under this
pressure a small trickle was all that could be obtained for the first
few minutes until, quite suddenly the sealing layer's flow resistance
appeared to break and the flow increased markedly. The initial
muddy filtrate flow was very soon replaced by clean water and flush-
ing was continued for 15 minutes,

The sample was retested for permeability (Table 6.1, Figure



VE.3
6. 1bi.  There was «till evidence ol a congiderable degree of flow re-
sistance hyv a sealing laver somewhere above tapping 1 (i.e. belween
0 and 64 mm*.

The sample was left covered with water for 54 hours and then
removed and inspecied.

There was a 15 mm thick built~up laver of sandy-clavey mud
material above the initial exposed material face position. Virtually
no evidence of anyv internal clogging below the sample face was found.

The top 25mm were removed from the sample which was then
reinstalled and retested for permeability after further water flushing
was carried ouf {o ensure optimum restoration of material flow prop-
erties.

The results of such tests were as follows:-
(exposed}: 25-316 Non-linear Ke = 1/a - 30 mm/min, l)/a2 - .03
316-450 Approximately Linear Ke = 50 mm/{min.
(Table 6.1, IMigures 6.1b, 6.5}

5

There have been apparent reductions in permeability of 727 and

54% for the 25-316 mm and 316-450 mm lavers respectively.

Alternative damage estimates based on comparisons of necess-
ary hydraulic gradients to achieve a velocily of 800 mm/min result in
permeability reductions of 82% and 50% for the two lavers.

An explanation of the initial formation, breakdown and subseguen
stabilisation of a buili-up impermeable cake above the sample face
was given in Section V5.

Material 6

Porositv = 31%

{originall 0-114mm Linear Kg = 125 mm/min.

114-216 mm Non-linear Kg=1/a-25 mm/min, h/a” = .013
216-318mm Non-linear Ko=1/a = 117 mm/min, b/a2 = .24
318-430mm Non-linear Ko= 1/a = 18 mm/min, b/a? = .04

(Table 6.1, Figures 6.2a, 6.5

The sample had various layvers of differing permeability througir
out its length.

See Table 6.2 and Figure 6.7. The behaviour of the material
with time of exposure to mud flow will now be discussed,
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Within 4 minute of exposure a significant seal bad formed some-
where above tapping 1 (i.e. somewhere between 0 and 64 mm'. The
effectiveness of this sealing layer increased with time until at the end
of 70 minutes exposure the seal accounted for a pressure drop from
13.05 metres to 0.44 metres of water and the filtrate flow rate had
been reduced to 3% cc/minute.

The magnitudes of the pressure drops across the various mater-
ial layers indicated that these layers maintained the relative resistan-
ces to flow that they had exhibited in the original unexposed state.

The mud filtrate would have penetrated the entire sample length
after 10 minutes when the collectied filtrate volume was 0.9 litres.

After the 70 minutes of mud flow exposure the mud was drained
from above the sample and all mud gently washed from the apparatus.
The sample was left covered with water for 20 hours.

The sample was then subjected to an applied pressure of 20 psi.
A reasonable flow of clean waler was soon established and flushing
was continued [or 15 minutes.

The sample was retested for permeability (Table 6.1, Pigure
6.2b). There was still evidence of a considerable degree of flow re-
sistance by a sealing layer above tapping 1.

The sample was left covered with water for 54 hours and then re-
moved and inspected.

There was a 10mm thick built-up layer of sandy-clay mud mat-
erial above the initial exposed face of the sample. Approximately
5mm of malerial had been removed from the top of the sample and re-
placed by the same sandy-clay mud cake which was evident above the
face. Although mud was evident in the upper 20mm of the sample,
virtually no evidence of any internal clogging layer within the original
upper material layer was found.

The top 25mm were removed from the sample which was then re-
installed and retested for permeability after further water flushing.

The results of such tests were as follows:-

o . - . . 2 .
(exposed) 25-114mm Non-linear Ke=1/a=26 mm/min, b/a” = .03

114-216mm Non-linear Ke=1/a =13mm/min, b/aZ - .05
216-318mm Non-linear Ke=1/a:=111mm/min, bh/a2 - 1.9
318-450mm Non-linear Ke=1/a=11mm/min, bh/a2 = .055

(Table 6.1, Iigures 6.2b, 6.5)

Based on these figures there has been considerable permanent
damage done to the various layers of the material beyond the developed
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major seal. cermeabiliiv reductions of $i', 507%, 5% and 407 were
indicated for the 25-114, 114-216, 216-318 and 318-450mm lavers re-

spectively.

Alternative estimates of damage based on comparisons of the
hydraulic gradients necessary to produce a specified low velocity of
.

300mm/min were made. Permeability reductions of 85%, 70%, 75"
and 60% were indicated for the respective lavers.

Although a reasonably efficient sealing layer was formed by a
cake build-up at the surface of the material, which reduced filtrate
losses to a small value, permanent damage of the order of 60-850%
was done to the various material layers.

Material 3

Porosity = 39%
(original) Non-linear Ko = 1/a = 540 mm/min, b/a2 = .17
{(Table 6.1, Figures 6.3a, 6.5)

See Table 6.2. An elfective seal was Tormed within 1 mimite
(somewhere in the top 64mm of the sample) which prevented any
further loss of mud filtrate beyond 0. 2 litres. The total collected
filtrate volume of .2 litres indicates an estimated depth of mud fil-
trate penetration of 80mm.

After the 70 minutes of mud flow exposurc the mud was draijned
from above the sample and all mud gently washed from the test
apparatus. The sample was left covered with water for 20 hours.

Under an applied pressure of 20 psi only a small flow rate could
be induced and minor flushing was carried out.

The sample was retested for permeabilitv (Table 6.1, Figure
6.3b). The developed sealing layer above tapping 1 was still ex-
tremely effective in reducing the flow through the material.

The sample was left covercd with water for 54 hours and then
removed and inspected.

A 10mm thick sandy-clay layer had replaced the top 10mm of the
original material which had apparently been washed from the sample.
A buildup of this same sandy clay cake was evident to a thickness of
approximately 10mm above the original exposed face. The remainder
of the sample appeared to be uniformly unaffected by the mud expos-
ure,

The top 25mm were removed from the sample which was then re-

installed and retested for permeability. Only minor water flushing
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was necessary to achieve optimum restoration of the sample.
The permeability test resultls indicated:

- ) . . . 2 ~
(exposed} Non-linear K, = 1/a = 510 mim/min, b/a® = .17
Table 6.1, Figure 6. 3b, 6. nh
A permanent reduction of 5% in perm eability had occurred.
Alternative damage estimates were made by comparing the hyd-
raulic gradients necessary to achieve specified flow velocities. This
was done using Figure 6.5 and resulted in the following permeability
reductions:

Specified t'low Percentage change in permeability
Velocity mm/min. from the original

5000 - 10%

2500 - 3%

With the sand contaminated Aquagel mud an effective seal de-
veloped almost immediately in the top 10mm of the sample and the ro-
mainder of the sample sulfered only minor permanent damage of the
order of 5-10%.,

Material 4
Porosity = 40%
(original) Non-linear Ko = 1/a = 1700 mm/nan, LW/a = .6Y
See Table 6.2. An clffective seal was formed within » minute
(somewhere in the top 64 mm of the sample) which prevented any
further loss of mud filtrate beyvond 1 litre. The total collected fil-

trate volume of 1 litre indicates an estimated depth of mud filtrate
penetration of 380 mm.

After the 70 minutes of mud flow exposure the mud was drained
from above the sample and all mud gently washed from the test appara-
tus. The sample was left covered with water for 20 hours.

Under an applied pressure of 20 psino flow could be forced
through the sample. The sealing layer above lapping 1 was s1ill ex-
tremely effective (sce Table 6.1 and Figure 6. 4b).

The sample was left covered with water for a further 54 hours
betfore being removed and inspected.

A 10mm thick sandy clay sealing layer had replaced the top
10mm of original material which had apparenily been washed from the
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“sample. A build-up of less impermeable sandy clay malterial was e~
ident 10mm above the original exposed tace. Evidence of mud fil-
trate was seen throughout the entire sample length.

The top 25mm were removed from the sample which was then re-
installed and retested for permeability. Only minor water flushing
was necessary to achieve optimum restoration of the sample.

92

For materials with b/a” > 0. 1 the reliability of extrapolating
non-linear equations (i = aV+bVZ2) as determined from only three
points to a value of permeability K = 1/a is very low. In such
cases, estimates of damage may be more reliably evaluaied hy com-
paring the hydraulic gradients necessary to achieve specified flow
velocities. This was done using the data of {figure 6.5,

Specified Flow Percentage change in permeability
Velocity mm/min from the original
25-216mm 216-450mm
6000 ~50% - 34%
4000 -42% -21%

These resulis are consistent with test 005. In particular the
note given in Section V) regarding the difference in behaviour of the
material due to the sand addition to the Aquagel mud is relevant,

With the uncontaminated Aquagel 64% mud no seal develops but
the material is quite casily flushed clean with no resultant perman-
ent damage.

The sand-Aquagel mud effectively seals the material in the top
10mm, but, permanent damage ‘to the remainder of the malerial can

be done resulting in permeability reductions of the order ol 20-50%.

Note

The reported 10-15mm thick buildup of sandy-clay material
above the face of each sample should be treated with suspicion. When
the mud flow was stopped, it generally took about 10 minutes before
the mud could be drained from above the faces of the samples. In
that quiescent time it was quite possible for sand to drop out of the
mud and settle in the test cell. ' Evidence of the same sandy
clay material reported as cake build-up was in fact found to a depth
of 10-20mm in the pipe when dismantled after tesi completion.

At the time of inspection this fact was not recognised and rel-
ative estimates of the impermeability of the reported cake build-ups
were not made.
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TABLE: 6.1

TEST: 006

Permeabllity testing of material sanples.

@2 L

Values of pressure (metres of water) as recorded at various positions along
the sample for a measured flow of water through the sample.

Material Flow Velocity Tapping No.
Rate
litres/min | mu/min | TP 1| 2 | 3 4 5
Position along sample from datum (mm)
0. 25 6l 14 1 216 | 318 1120
L MATERTAL TESTS BEFORE EXPOSURE TO DRILLING MUD
2 13.81 2140 14,95 13.67 {12.29 | 9.01 | 5.61 | 1.83
9.76 1510 | 9.19 8.26 1 7.25 | 5,30 | 3.22, 0.95:
4.91 761 | 3.83 3.1 2.96 | 2.08 1 1.20 | 0.25
6 4.4 684 15.47 15.44 | 15,19 [11.53 110.15 | Q.57
4,24 657 [16.07 16.07 {15.82 [11.85 i10.46 | 0,44
2.83 439 | 8.89 8.82{ 8.63 | 6.30 | 5,48, 0.19
1.58 245 | 3.60 3.72 | 3.59 | 2.46 | 2.15 | ~0.06
3 36.0 5580 [5.16 13.67 | 12.29 {.9.39 | 6.37 | 3.34
27.0 4190 | 9.50 8.5 7.50 | 5.67 | 3.851 1.96
“ 16.25 2520 | 4.05 3.53| 3.15 | 2.27 | 1.45 | 0.57
4 48.0 ThH0  [1.76 11.15}10.34 | 8.63 | 6.87 | 5.04
""" - 37.0 - 5T7h0. | 7.61 7.25 1 6.68 | 5,48 | 4,35 | 3.22
........ “on.5 . [ 3800 13.68 [ 3.47-] 3.15 | 2.65 | 2.02 | 1.45
MATERTAL TESTS AFTER EXPOSURE TC DRILLING MUD
Full Sample length
2 3.30 512 [15.69 11.15 | 9.01 | 4,73 | 1.20} 0.13
2.00 310 | 8.51 5.74 1 4.67 | 2.46 | 0.57 1 0.07
0.68 105 | 3.22 1.89 | 1.51 | 0.76 | 0.07 | -0.06
6 1.34 208 05.84 13.08 {12.23 | 6.62 | 5.30
0.75 116 1 7.76 6.11] 5.61 | 2.96 | 2.27
3 2.40 372 (16.60 S 1.83 ] 1.20 | 0.32 | 0.19 | 0.07
MATERTAL TESTS AFTER EXPOSURE TO DRILIING MUD
Top 25 nm removed from sample
2 -5.10 791 15.84 | 14.81 |12.23 | 6.87 | 2.08 ] €.32
3.50 543 9.65 | 8,76 | 7.25 | 4,10 | 1.26 | 0.19
1.68 260 3.68 | 3.34 1 2.84 | 1.8 | 0.51 | 0.00
6 2.05 319 15.99 |16.07 |15.19 | 9.96 | 8.07 | 0.07
1.52 236 10.33 110.21 | 9.64 | 6.18 | 5.11 | 0.07
0.74 115 13.53¢) 3.41 | 3.15 | 1.86 | 1.58 |-0.19
3 32.00 4960 14.56 [13.04 |11.47 | 9.01 6;&9.3 3.85
25.00 3880 9.65 | 8.51 | 7.56 | 5.99 | 4.22 , 2.40
14.00 2170 3.75 | 3.22 | 2.84 | 2.15 | 1.45 | 0.70
4 40.00 6200 12,14 {11,847 |1 10.08 | 7.56 | 5.61 | 3.72
32.50 5040 8,29 | 7.63 | 6.74 | 4.98 | 3.59 | 2.33
23.80 3690 3,90 | 3.78 1} 3.38 { 2.40 | 1.70 | 1.07
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TABIE 6.2 TEST 006

Sample behaviocur during time of exposure to drilling mud.

Pressure (metres of water)

Material

. Time Filtrate Tapping No.
(minutes) | Volume
(litres) { Top 1 2 3 4 5
Position along sample from datum (mm)
_____ , {0 64 1Ak ] 216 318 420
2 % Ao 12,68 .95 4k .19 .15 .19
1 52 |15.47  2.71 | l.20 .26 .1 .19
2 62 11k o372 2.33 .32 .19 .19
5 - 72 |14.57 | 4.85 | 3.59 ! 1.07 .19 .19
10 .78 11457 | LT3 | 3.72 | 145 .19 .19
20. .86 {1457 | 460 | 3.72 1 1.bs T
40 Q4 113.43 | L5k oo 3.53 0 1.5 | .Ah 1 26
o 60| .99 a3.05 D 4oag ' 3,53 1 achs oqoo Wb (32
3 > 38 112.68 1 385 | 2.59 732 3T
1 52 11547 | 5.23 | 4.35 .82 Z2 1.9
2 64 j1hgh | L85 1 b2 o1l <5 i .19
5 79 (1457 0 W35 ) 3.97 | .70 | 1.20 | .19
10 .90 (14,57 | 3.22 | 3.22 ! 1.70 | 1.20 { .26
20 1.05 |14.57 | 2.20 | 1.20 .19
40 1.12  113.43 | 0.8 0.32 | .13
‘ 160 1.20 (13.05 | 044 ' o.4b | 0.32 | | .13
3 % ) 12.68 5 ST A S T A ¢ .19 19
1 2 15.47 .32 .32 .19 .19 .19
20 .2 14,57 | ..19 .32 .19 .19 .19
60 2 113,05 L L3 .19 .07 | .07 .07
5 L 1.0 12.68 .82 .70 yir 19 19
1 1.0 15.47 95 | .82 .57 i .19
2 1.0 14,94 | 1.20 | .95 .82 .32 .19
20, 1.0 14.57 .95 i .57 .32 .19
60 " 1.0 13.05 | .82 .19 57 |0 bk .07
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V7 Test 007 Resulfs and Observations

S

- . Y 3 2 ]
A mud was prepared which contained 6:% hy weight Aquagel and
6% by weight of the sand shown in [Figure 1. 1.

Suggestions had been made by members of the AWRC committec
to test a lime contaminated mud which would build heavy but low effic-
iency wall cakes.

Samples of materials 2, 3,4, 6 were prepared and original perm-
eabilities measured.

Thirty minutes prior fo starting the lest approximately 1 cupful
of hydrated lime was added to the mud which was at that time being
circulated via the by-pass line at test pressurce and veloctty, Within
15 minutes the mud had thickened to the ext ent that al the present
valve settings the pump began to labour noticeably. All valves within
the circulating system were fully opened and the flow was maintained.
The mud continued to thicken and within another 5 minutes the pump
laboured heavily and the discharge flow ceased. The pump now ran
smoothly, but dry since no mud was being drawn from the mud bin in-
to the pump inlet.

All lines were heavily blocked by the mud which appeared fo be
"a two week old porridge”.

At this stage the test had to be abandoned and the circulation
system disassembled and cleaned which was quite a difficult task.

it is the author's opinion that all test materials would have been
instantly sealed by a large external cake build~up above the sample
surface if it had been possible 1o circulate such a thick mud.

No estimate of possible permanent damage could be even guessed,

G v
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V8 Test 008 Results and Observations

The mud was made up as approximately 0. 9% (9 lbs/100 gallon:?
by weight Hydropol (old stock}. The mud was circulated for 15 hours
prior to starting the test. The mud properties were tested at various
times both before and during the exposure of the sample materials to
the mud. The results of such lests were as follows:-

Time | Temp.| Marsh | APl IYilter Press () area)| Dlastic Yield
Funnel | Initial Corrected Viscos- Point
Viscos+ Spurt Volume itv
ity (Vgt+Vy) (Ve
mins. e secs. ce ce cps b/
100ft
- 90 20 353 17.8 5.8 6.2 5
+50 19 37 20.2 4.8 6.0 5
+100 17 353
+140 17 35 10.0 5.2 6.0 5

The specific gravity of the mud was 1.00 {with the accuracy of
the mud balance no difference between the mud and water was notice-
able). In all ADI filter press tests the thickness of the filter cake

was negligible.

During the exposure time of 21 hours, both the mud flow press-
ure and velocity varied considerably about the target values of 10 psi
(7 metres of water) and 120 ft/min respectively (FFigure 8.1).

After 150 minutes of pressurized mud flow the pump was
turned off and the test apparatus was isolated. The pressure was
relieved and the mud was left to stand (static flow condition} above
the sample for 19 hours.

All mud was drained from above the samples and water was
gently washed through the test cell for 20 minutes to clean all mud
from the apparatus.

The apparatus was filled with water and each material flushed
through under applied pressures up to 20 psi until no further improve-
ment in flow could be obtained.

Bach sample was retested for material permeability.

Romud P.RB.D. in the recommended concentration of 0.75 1h/
100 gallons was added to the test apparatus and left to stand above
the samples for 66 hours.

Fluid was flushed through each material until the pll change
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indicated that P. 3.1, solution was present throughout the sample

length. Fach sample was left as such for 30 minutes before further
flushing was carried out to achieve optimum sample rehabilitation.

The samples were then retested for permecability to estimate the
extent of permanent damage caused by exposure 1o the mud system.

The samples were left covered with water for 16 hours before
being finally removed and inspected.

Material 1

Porosity = 38.6%

(original [Linear Ko = 22 mm/min.
(Table 8.1, Figures 8.2a, 8.6}

See Table 8.2 and Figure 8.7. Within L minute of exposure a
seal formed somewhere in the top 64 mm of the sample which account-
ed for a pressure drop from 6.65 meires al the exposed face to 1.33
metres of water head at tapping 1. This seal gradually improved its
effectiveness with time of exposure until after 150 minutes the press-
ure drop between the sample face and tapping 1 was from 6. 96 to 0.82
metres of water.

However, the seal was not as effective as those formed in.tests
using bentonite muds and although the mud filtrate loss rate decreased
in time to a value of approximately 2 cc/min, it did continue. {(Test
002 - 63% Aquagel - pressure differential = 20 psi - mud velocity =
120 ft/min - an effective seal formed in the top 10 mm of this maternl
within 1 minate of exposure - the seal prevented any mud filtrate loss
beyond .235 litres and thus limited filtrate penetration to a depth of
90 mm into the materiall.

The mud filtrate would have penetrated the entire sample length
after 20 minutes when the collected filtrate volume was 1.06 litres.

The total volume of filtrate collected was 1,68 litres.

When the sample was flushed with water, a small but noticeable
improvement was achieved.

The results of permeability testing after water flushing alone arc
given in Table 8.1 and Figures 8.2b, §.6.

The seal above tapping 1 was still apparent {(FPigure 8.2b' al-
though its effectiveness had been reduced by the water flushing. The
remainder of the material appeared to be homogeneous and exhibited
linear flow behaviour. An estimate of permeability (from Figure
3.6) of 17.2 mm/min. for ihe material beyond tapping 1 indicates a
reduction of 23% in permeability.

-y
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After P.B.D. treatment and further flushing the material was again
tested for permeability. (Table 8.1, Figures 8.2b, 8.6). The seal
above tapping 1 had been completely broken down by the P, B. D. sol-
ution and the entire sample material appeared to be homogeneous,
However, the permeability of the entire sample (as estimated from
Tigures 8.2b, 8.6) was the same as that exhibited by the material be-
vond tapping 1 after flushing with water along.

The P.B.D. had been effective in breaking down the developed
sealing layer where water flushing alone had only limited success.
However, beyond the seal there had been permanent damage done to
the material resulting in a permeability reduction of 23%. The P.B.D.
treatment had no cffect in reducing the extent of this permanent dam-
age.

When the sample was finally removed and inspected a 1 mm thick
layer of material of different colour to the remainder of the sample
was evident at the face of the sample. This layer in its present state
was quite permeable. 1t is the author's opinion that the visual mater-
ial colour change noted, clearly indicates the developed seal (some-
where above tapping 1) as being a very thin 1 mm thick laver at the
face of the sample.

Material 2

Porosity = 39.4%

2 )
(original) Non-linear Ko = 1/a = 96 mm/min, h/a”™ = .020
(Tahle 8.1, Figures §.3a, 8.6}

See Table 8.2 and Figure 8.8. A relatively minor degree of
sealing had occurred somewhere in the top 64 mm of the sample with-
in the first # minute of exposure. This was indicated by the pressure
drop from 6.65 metres at the exposed face to 2. 96 metres of water at
tapping 1. The effectiveness of this seal gradually improved with
time of exposure until after 150 minates the pressure drop between
the sample face and tapping 1 was 6 metres of water.

The mud filtrate flow was reduced from 450 cc/min. at & min-
ute to 10 ce/min. at 150 minutes. Mud filtrate would have penetrated
the entire sample length after only 3 minutes of exposure when the
collected filtrate volume was 1. 14 litres. Although the mud filtrate
loss rate decreased in time, the flow rate al the end of the test was
still substantial and a total volume of 5.2 litres was collected.

The seal developed during this test was markedly less effective
than those seals formed by bentonite muds. In tests 002, 003 and
004 a 647 Aquagel mud formed effective scals in the top 10 mm of
this material within » minute of exposure. The seals so developed in
tests 002, 003 and 004 prevented any further loss of mud filtrate be-
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yond the ¥ minute values of 0.19, 0.56 and 0.92 litres for the respect-
ive tests.

When the sample was flushed with water, a significant improve-
ment was readily achieved.

The results of permeability testing after water flushing alone arc
given in Table 8.1 and Figures 8.3b, 8.6. The effectivencss of the
sealing layer above tapping 1 had been virtually eliminated by water
flushing alone, (Figure 8.3b). However, over the remainder of the
sample there was an overall reduction in material permeability which
appeared to be graded with distance from the exposed face as follows:-

(exposed) 64-114 mm Non-linear Ke = 1/a = 45 mm/min, b/a2= .007
114- 318 mm Non-linear Ke 1/a = 61 mm/min, h/a%-.015
318-450mm Non-linear Ke = 1/a = 74 mm/min, b/aZ=.018

(Table 8.1, I'igures 8§.3b, 8.6}

1l

These values indicate permeability reductions of 53%, 36% and

23% for the 64~114, 114-318 and 318-450 mm layers respectively.

After P.B.D. treatment and further flushing, the material was
again tested for permeability. The seal above tapping 1 had been
completely broken down by this time and the entire sample material
appeared to be homogeneous.

(exposed) Non-linear Ke = 1/a = 36 mm/min, b/a” = .011
(Table 8.1, Figures 8.3b, 8.6

This indicates an overall permeability reduction of 62% for the
entire sample.

The P.B.D. treatment had removed the final marginal traces of
the sealing laver above tapping 1 which water flushing alone had pre-
viously been unable to do. However, the material permeability after
P.B.D. treatment was lower than the previous least permeable 64-
114 mm layer alter water flushing. No logical explanation for this
phenomenon can be made by the author.

When the sample was finally removed and inspected, remnants
of a 1 mm thick layer at the face of the sample were evident. It is
the author's opinion that the formation of this thin sealing layer at the
exposed face of the sample caused the reduction inloss ol mud filtrate
from the sample with time of exposure.

Material 3
Porosity = 39.4%

(original) Non-linear Ko = 1/a = 560 mm/min, b/a® = .18
{Table 8.1, IMigures 8.4a, 8.6}
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See Table 8.2 and ligure 8. 9.  With time of exposure, there was 2
steady decrease in permeability of some portion of the sample between
the exposed face and tapping 1. This was indicated by the gradual in-
crease in the pressure difference between the face and tapping t. The
formation of a stable layer of reduced permeability (most likely to be
at the sample face) appeared to be complete after 40 minutes of ex-
posure. After 40 minutes there was negligible change in the pressure
heads at the five tappings throughout the sample length.

Whole mud flowed freely from the sample for most of this test.
The flow of mud from the sample had been reduced from 5 litres/min.
at é minute to 0. 33 litres/min. at 40 minuies. Further decreases
continued at a far lower rate until after 150 minutes the loss of mud
filtrate from the sample was 0. 12 litres/min. and a total volume of 52
litres had passed through the sample.

The inability of this hydropol mud to eliminate filtrate loss to the
material was in sharp contrast to the completely effective seal
developed by a 63% Aquagel mud in Test 003. In Test 003 a scal
formed within 10 minutes which prevented any further loss of mud fil-
irate beyond 15 lifres.

When the sample was flushed with water, a significant improve-
ment was readily achieved.

The results of permeability testing after water flushing alone are
now given;

(exposed) Non-lincar Ke = 1/a = 460 mm/min, b/a - .47
{Tabkle 8.1, IMigures 6.4b, 8.6}

A marked rehabilitation of the low permeability layer which de-
veloped above tapping 1 during mud exposure had been achieved by
watler flushing alone. Towever, the entire sample had apparently
suffered a reduciion in permeability.

After P?.B.D. treatiment and further flushing the material was
again tested for permeability.

1

(exposed) 64-216 mm Non-linear Ke = 1/a = 575 mm/min, h/a? =.30
916-450 mm Non-linear Ke = 1/a = 500 mm/min, b/a2 =.38
Table 8.1, Tigures 8.4b, §.6)

There was still evidence of a minor permeability reduction above
tapping 1. The . B.D. treatment has significantly aided in the perm-
eability recovery of the sample.

For materials with b/32 > 0.1 the reliability ol extrapolating non-
linear equations {i = aV+bV2) as determined from only 3 points to a
value of permeability K = 1/a is very low. In such cases, esiimates
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ol damage may be more reliably evaluated by comparing the hydraulic
gradients necessary to achieve specified flow velocities. This was
done for both the water flushed and subsequently 17.B. 1D, treated per-
meability tests of the exposed sample for a velocity of 3000 mm/min.
(Figure 8.6). Permanent damage had been done fo the material by
exposure to the mud flow. Water flushing alone was limited in its
abilitv to rehabilitate the material - resultant overall permeability
reduction of 65%. The P.R.D. treatment further aided in recovery
of the sample, but was also limited. After P.13.D. treatment and
final flushing reductions in permeability of 35% and 45% were still
present in 64-216 mm and 216-450 mm portions of the sample.

When the sample was finally removed and inspected the entire
sample appeared homogeneous. There was no visual evidence of any

Jayer of lower permeability between the sample face and tapping 1.

IVIatEf_jal 6

Porosity = 31.4%

0-64 mm More permeable than 64-114 mm
{original) 64-114 mm Not very reliable Ky .2» 120 mm/min.
114-216 mm Linear Ko = 40 mm/min.
216-318 mm Non-linear K¢ = 1/a = 27 mm/min,
b/aZ = 017
318-450 mm Non-linear Ko = 1/a = 140 mm/min,
b/a2 = .61
(Table 8.1, Trigures 8.5a, 8.6)

As can be seen the sample had various layers of differing perm-
eability throughout its length. The permeability was relatively high
between 0 and 114 mm, low between 114-318 mm and again high for
the remainder of the sample.

See Table 8.2 and Figure 8.10. An effective sealing layer de-
veloped within 1 minute at some location belween tappings 2 and 3.
The seal at this time accounted for a pressure head drop between
tappings 2 and 3 of 5. 35 metres of water. The seal marginally im-
proved in effectiveness up to an exposure time of 5 minutes, beyond
which time it accounted for more than 95% of the total head loss
across the entire sample length. The head losses across the various
other layers of the material were negligible.

it was significant that the seal developed in the [irst low perm-
eability layer of the material encountered (114-216 mm, ko = 40mm /
mint.

The developed scal did not fully stem the flow of mud filtrate
from the sample. The rate of logs of mud filtrate did, however, de
cline to such an extent that beyond 30 minutes it was never above 2cef
min,
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The mud filirate would have penetrated the entire sample length
after 30 minutes when the collected filtrate volume was 0. 91 litres.

When attempts were made to flush the sample with water under
applied pressures up to 25 psi only minor success was possible due to
the continued effectiveness of the sealing layer between tappings 2 and
3.

The resultis of permeabilit&‘ testing after water flushing alone
are now given:

(exposed) 0-114 mm Too difficult to estimate permeability due to very
low pressure drop
114-216 mm Linear Ke = 1.1 mm/min.
216-318 mm Non-linear Ke = 1/a = 6.6 mm/min, b/a2=.007
318-450 mm Non-linear Ke = 1/a » 43 mm/min, b/a2 = .28
(Table 8.1, IFigure 8.5b, 8.6)

As can be seen the water flushing has nol been very effective in
rehabilitating the sample. The indicated reductions in permeability for
the 114-216, 216-318 and 318-450 mm laycrs are 97%, 75% and 70%
respectively.

After P, B.D, treatment, water flushing of the sample was con-
tinued at an improved rate and then the sample retested for perm-
eability.

{exposed) 0-114 mm Too difficult to estimate permeability due to very
low pressure drop
114-216 mm Linear Kg = 4.8 mim/min.
216-318 mm Non-linear Ke = 1/a = 11 mm/min, b/a2=.027
318-450 mm Non-linear Ke = 1/a = 32 mm/min, b/aZ = .11

The P.B.D. treatmeni produced an improvement over the water
flushing alone. There had still been considerable permanent damage
done to the sample resulting in permeability reductions of 887, 587
and 78% for the 114-216, 216-318, and 318-450 mm layers respect-
ively.

The P.B.D. treatment had only signilicantly improved the 114-
216 and 216-318 mm layers of the sample. These were the original
low permeability layers of the sample. The 318-400 mm layer was
originally a high permeability layer of the sample and I’. 3. D. treat-
ment produced no improvement over rehabilitation posgible by water
flushing alone.

If higher flushing velocities were possible the sample may have
cleaned up considerably more than it did. However, the scaling lay-
er between 114 mm and 216 mm was far enough removed from the
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sample face to be extremely dirficuit to erode.  Perhaps continued ex-
tensive . R.D. treatment would have reduced the seal's effectiveness.

The sample was finally removed from the apparalus and inspect-
ed. Visual banding of the material was cvident throughout the entire
length. This banding was preseni when the original sample was pre-
pared. Apparent bands of finer material were regularly 20-3C mm
thick. When permeabilities were estimaied for the sample, layers
were assumed homogeneous between pressure tappings. If, however,
the major portion of the pressure drop between two tappings was
caused by a 20 mm layer of finer material then the permeability of
such a thin layer would be approximately 1 that of the indicated perm-
eability taken over the full distance between the two tappings. Bearing
this in mind, it is quite possible that thin layers of material having
permeabilities less than 10 mm /min may have existed in the original
sample.




(viwA34) AL12013A MOT4 aNN

P
-
o

[ 1t

12

10

(<]

(12308 o sasdaw )  YASSINY

¥ <]

2

20

TIME (minutes)

10

05

TEST 008

FIGURE 8-

MUD FLOW PRESSURE AND VELOCITY VARIATIONS DURING

- TIME OF EXPOSURE



(metres of water)

PRESSURE HEAD

{metres of water)

PRESSURE HEAD

15~ <
00’@
—
"%
®
v .
ol O 4-99
N}D/
x% x
V‘- \\
L =2 x,
5 ® \Sx m,,l/m‘_
\f\ |
D
s
ol 1 1 1 1 1 I~
TOP 1 2 3 4 5 BASE (Tapping Ne.)
1 1 i 1 : |
b4 114 21t 3i8 420 450 (mm)

POSITION ALONG SAMPLE FROM EXPOSED FACE

FIGURE 8-2(a} TEST 008 MATERIAL No.l.

Pressure Distributions Before Exposure to Drilling Mud.

e« INITIAL FLUSHING - WATER ONLY

\’}7. ——=—0~—== FINAL FLUSHING - PB.D TREATMENT
AND FURTHER WATER FLUSHING

5§  BASE {Tapping No.)

1 i i
o] 64 14 21b 318 420 450 (mm)
POSITION ALONG SAMPLE FROM EXPOSED FACE

FIGURE 8:2(b) TEST 008 MATERIAL No.1.

Pressure Distributions After Exposure to Drilling Mud
and Subsequent Flushing,




PRESSURE HEAD  (metres of water )

(metres of water)

PRESSURE HEAD

X,

N
~
L. L 1 ] I i i
TOP [ 2 3 4 5 BASE (Tapping HNo.)
L | | 1 i i i
o 64 1t4 216 318 420 450 {mm)
POSITION ALONG SAMPLE FROM EXPOSED FACE
FIGURE 8:3{a) TEST 0068 MATERIAL No.2.
Pressure Distributions Before Exposure to Drilling Mud.

INITIAL  FLUSHING - WATER ONLY

A

~——0—~— FINAL FLUSHING-PB.D TREATMENT
AND FURTHER WATER FLUSHING

Ol_ Lo— H i 1 1 _d
ToP I 2 3 4 5 BASE (Tapping MNo.)
L H 1 i 1 1
o b4 Ha 2ib 38 220 450 (mm}
_ POSITION ALONG SAMPLE FROM EXPOSED FACE
FIGURE 83 (b) TEST 008 MATERIAL No.2.

Pressure Distributions After Exposure to Drilling Mud
and Subsequent Flushing.



PRESSURE HEAD (metres of water)

PRESSURE HEAD (metres of watar )

15 s
& 5)6
’b,/
x%
j{e]

T
i { | 3 I i
JOP 1 2 3 4 5 BASE (Topping No.)
| | i i | | — |
o b4 H4 2ib 318 7 420 450 (mm)

POSTION ALONG SAMPLE FROM EXPOSED FACE

FIGURE 8- {a} TEST 008 MATERIAL No. 3.

Pressure Distributions Before Exposure to Drilling Mud.

e e [NITIAL  FLUSHING - WATER ONLY

“04g 5 Dy
mfylm.\ - — = —0==—= FINAL FLUSHING-P8.D TREATMENT
n> . AND FURTHER WATER FLUSHING

£ V=19_":0Jn_ min.
V<1490 mmymin 3=

P Ry
~—
\o\
*® T~

~
L i 1 i 1 S |
TOP i 2 3 4 5 BASE (Tapping No}
t 1 I ! ! ; 1
O b4 114 216 318 420 450 (mm)

POSITION ALONG SAMPLE FROM EXPOSED FACE

FIGURE 8 4{b} TEST 008 MATERIAL Neo.3.

Pressure Distributions After Exposure to Orilling Mud
and Subseguent Flushing.




BRESSURE HEAD (metres of water)

(metres of water )

PRESSURE HEAD

¥=976 mm /min
O

O |- V=678 mm/min.

V=31 mm/min.
oL i 1 i L |
TGP ! 2 3 4 5 BASE {Tapping No)
L 1 1 : 1 1 -
o} b4 114 216 318 420 450 (mm)

POSITION ALONG SAMPLE FROM EXPOSED FACE

FIGURE 8-5(a) TEST 008 MATERIAL No. 6

Pressure Distributions Before Exposure to Drilling Mud.

15~ V=1L1 mm/min.

Q- ——— o

V=292 mm/min.” <)

INITIAL  FLUSHING - WATER ONLY

%

~~—o—== FINAL FLUSHING-PRB.D TREATMENT
AND FURTHER WATER FLUSHING

oL 1 { 1 1 - J
TOP | 2 3 4 5  BASE (Tapping Na.)
L 1 ] 1 1 H J
G b4 114 2ib 3e 420 450 (mm)

POSITION ALONG SAMPLE FROM EXPOSED FACE

FIGURE 8-5(b) TEST 008 MATERIAL No.6.

Pressure Distributions After Exposure to Drillihg Mud
and Subsequent Flushing.



107 -
o -
= +-No.6.{216-318 mm)
- ,-—__/,-'—:m
/’50.@._(313-1.50 mm)
. — —3- No.6. (114~ 216 mm)
l/v -
—~No. 2
. TR £
i e L—
{min/mm}) 10_2 . {x,
- —No.6. (64-114 mm)
— (not very reliable )
B o3,
1072 | . | I I L1 b et
1! 2 w0’ o
vV (mm/min)
{a) Before Exposure to Driling Mud
20
M
e —
- —-——No,6. {114~ 216 mm)
- 4 —— 2 - No 6. (114~ 216 mmY)
Nob =" . -Nob (216-318mm)
{216-318 mm) Pl
- e
o] - T
- Not 6.5(:?351-565%31m)
| 0.1 o=-Ng.B. - mm
i “(~5-!.5{)rnm—\ b PET
v [~ \e entire sample s
{min/mmY - - o —N0.2.
- // e ———
Mo 2 [64- 114 )
- | ——-No.2 (t12-318 mm)
B i~ L ""Np.2.(318~450 mm)
,
s o2
10—2 /N°3‘
- &
- /°//
L v
A
= No, 3. (216~450 mm) -~
- Ne.3, (64-216 mm)
= Sample flushed with water only
[~ = Sample fiushed with water and then PBD breakdown added,
allowed to sit and then flushed through sample and further
water flushin i |
o3 H |Ill?li i ] 1 i1l 1 I
10’ 102 10% w0t
v {mnyrnin.)

(b} After Exposure to Drilling Mud

FIGURE

8-6

Q08

TEST

HYDRAULIC FLOW PROPERTIES OF TEST MATERIALS (i/v versus V)




(metres of water)

PRESSURE

T0P (MUD PRESSURE ABOVE saMpLe FACED

- b ’-G‘/’/
. o Z )'/
Tapping No. ! % 1

;x,..____,____“T e

4)

I S:ﬂ/" - !:z—f’/% %—}-‘g‘
0-2 0.5 i 2

TIME (minutes)
FIGURE 8.7 TEST 0C8B MATERIAL 1.

BEHAVIOUR DURING TIME OF EXPOSURE T0
DRILLING MUD.

VOLUME (litres)

FILTRATE

CUMULATIVE



PRESSURE (metres of water)

/
yop (MUD PRESSURE ABOYVE SAMPLE FACE , :

i l.\
E N
3 JK«—-———""" —_—] 4% 5 X :;: —g
| Ié-+-4—-4—4—aL % ot T TT e T
0.2 05 1 2 5 50 100
TIME (mmutes)
FIGURE 8.8 TEST 008 MATERIAL 2.

BEHAVIOUR DURING TIME OF EXPOSURE TO
DRILLING MUD.

200

CUMULATIVE FILTRATE VOLUME (lltrts)



mmu._.:&

IWATOA FAVELTS FAILYIAWHAD

T

¥
\I'
i

3
I S

Tapping Ne.l

4

1 AN A T A A o

-5

8 .
B 1] 4 (HUD PRESSURE ABOVE SAMPLE FACE : |

(32308 jo $2332w)  FWNSSIH

200

100

50

20

10

0-2

MATERIAL 3.

TEST 008

FIGURE 8-9

EXPOSURE TO

MIIDY

BEHAVIOUR DURING TIME OF

PR ING



PRESSURE (metres of water)

TiME (m!nutes)

FIGURE 8-10 TEST 008 MATERIAL 6.

BEHAVIOUR DURING TIME OF EXPOSURE TC
DRILLING MUD

Tapping No.| & 2 5 Mua PRESSURE ABOVE MM
TOP e gt
e
/”Qs
//
__,.-ﬁ'!/
b=
-
1A —
o
3 3
[\)'
%
4’ M}t% > e
LS~ P e
0-2 0-5 1 2 5 10 2 200

(litres)

CUMULATIVE FILTRATE VOLUME



Table 8.1

Test

008

Permeability testing of material samples.

Values of pressure (metres of water) as recorded at various positions
along the sample for a measured flow of water through the sample.

Mater-{ Flow | Velocity Tapping No.
ial Rate Top 1 2 3 4 5
litres/ mm / 1
min. min. Position along sample from datum 'min}
0 | 64 |114 | 216 | 313 | 420
Material Tests before Exposure to Drilling Mud
3 37.04 5760 14.20 13.42 1119114 9.20 6.11 |3.34
27.95 4350 3,78 8.51] 7.50! 5.87 3.72 |1.89
16.48 | 2560 4.13 3.59 ) 3.15} 2.33 | 1.45 {0.57
2 14.84 2310 16.01 14.56 [12.54 9.26 5,23 11.83
39.79 1520 9.52 8.63 | 7.37] 5.36 2.943 .95
5.13 798 4.17 3.85 ) 3.347 2.33 1.20 .32
1 4.76 740 15.59 13.74 112.16 | 8.76 5.11 |1.70
3.21 499 10.09 8.89 ] 7.75| b.48 3.09 .89
1.67 259 4,66 4,48 | 3.85) 2.71 1.52 .38
8 6.28 976 [15.36 15.19 |14.81 12.29 | 6.2 |2.59
4.36 678 9.55 9.52 | 9.141 7.37 3.53 {1.58
2.00 311 3.59 3.72 | 3.66} 2.84 1.39 10.89
Material Tests after Exposure to Drilling Mud
Initial Flushing - Water Only
3 20.94 328 13.99 12.60 111,15} 8.26 4.73 [1.70
16.09 250 9.33 8.32 | 7.31] 5.38 3.09 {1.07
9.55 149 3.75 3.47| 2.861 2.15 1.20 .38
2 8.96 139 14.75 11.53 | 9.646.62 3.53 85
5.53 85.9 8.64 6.43 | 5.30] 3.59 1.83 .44
2.68 41.7 3.97 2.90 ] 2.40| 1.64 .89 .26
1 2.11 32.8 |14.68 8.00 6.874.73 2.84 .88
1.15 17.8 9.63 4.22 | 3.66 1 2.52 1.64 D7
0.37 5.76 t 3.90 1.45 1.20 .89 .76 .26
6 91 14.1 [14.68 14.56 |14.56 | 3.34 .82 .19
.39 6.06 | 8.52 8.95 | 8.8911.33 .32 .13




Table 8.1 Test 008 (cont'd.)

Mater-| Flow Velocity Tapping No.

ial Rate Top | 1 12 13 1T a7 5
litres/ mim/ Position along sample from datum{mm
min. min. 0 | 64 f114 [216 [ 318] 420

Material Tests after Exposure to Drilling Mud
Final Flushing - P.B.D, Treatment and Further Water Flushing

3 25.97 404 13.45 12.48 |11.15{8.51({5.17 | 2.15
20.33 316 8.84 8.26 | 7.37}15.6113.34 | 1.33

12.50 154 3.75 3.59 | 3.2212.40(1.39 51

2 6.38 99.2 14.29 12.67 {11.15}7.82 14.16 | 1.07
4.15 64.5 9.63 8.63 | 7.63[{5.3612.84 70 !

1.77 27.4 3.36 3.15 | 2.78(2.02 {1.33 .32

1 3.61 56.2 14.45 12.35 |10.90}7.44 {4.04 | 1.20
2.20 34.2 8.79 7.50 | 6.62[4.48 {2.46 .70

.85 13.2 3.55 | 3.22 | 2.84}{1.96 |1.01 .32

6 1.88 29.2 14.29 14.18 |13.67]7.50 |2.84 .95
1.34 20.8 9.63 5.64 | 9.5214.73 |1.77 .07

.64 9.95 3.75 3.91 | 3.91{1.77{ .63 .19




Table 8.2 Test 008

Sample behaviour during time of exposure to Hydropol drilling fluid.

Pressure (metres of water)

Material| Time | Filirate Tapping No.
' (min-| Volume [Top | 1 | 2 [ 3 T 4 T 5
utes) | (litres) | Position along sample from datum (mm)
0 64 114 216 | 318 420
1 : 1.33 | 1.07 0.70 | 0.57 .07
1 .38 6.65 |1.70 | 0.95 |} 0.51 {0.44 | .07
2 .48 6.50 {1.45 | 0.95 | 0.44 {0.19 .07
5 - .68 6.88 [1.70 | 1.2 0.70 | 0.07 .07
10 .83 6.04 |1.20 | 0.82 | 0.70 |0.07 .07 |
20 1.06 8.33 |[1.45 | 1.32 | 0.95 |0.32 , .07
40 1.38 6.42 |1.33 44 .32 .19 .07
60 1.47 .42 .95 .38 .32 .19 .07
90 1.55 6.57 .82 26 | .19 .19 .07
133 1.65 6.96 | .82 44 .19 .19 .07
150 1.68 6.96
2 3 .545 2.96 | 1.33 [0.32 [0.19 | 0.07
1 .765 |6.65 [3.09 | 2.33 | 1.07 | 0.44 | 0.07
2 .965 |8.50 |3.09 | 2.33 | 1.33 | 0.57 | 0.06
5 1.495 |6.88 |2.71 | 2.21 | 1.58 | 0.70 | 0.19
10 1.975 |6.04 |1.83 | 1.33 | 0.82 | 0.44 | 0.19
20 2.735 |8.33 [2.59 | 2.08 | 1.33 | 0.70 | 0.19
40 3.895 |6.42 | .95 70 .44 26 .07
80 4,195 |6.42 [1.01 .83 .44 .26 .07
90 4.595 |6.57 | .95 57 .38 | .19 .07
133 5.035 |6.96 | .95 51 .32 .13 .07
150 5.195 | 6.96
3 7 2.0 5.48 | 4.65 | 3.22 | 1.70 0.19
1 4.5 6.65 [4.73 | 4.15 | 2.84 | 1.58 .19
2 6 6.50 {4.22 | 3.64 | 2.46 | 1.45 .19
5 10 6.88 [3.72 | 3.22 | 2.21 | 1.33 .19
10 15 6.04 [2.96 | 2.46 | 1.58 | 0.82 | 0.19
20 22.5 8.33 [3.22 | 2.64 | 2.02 {1.20 | 0.19
40 34 6.42 |2.52 | 2.02 | 1.45 .82 .32
60 39 6.42 12.59 | 2.15 | 1.52 .89 .44
90 44 6.57 |2.52 | 1.96 | 1.45 .82 .44
124 49 6.96 {2.71 | 2.21 | 1.84 .95 51
150 52.1 6.96




- Table 8.2 Test 008 (cont'd.)

Material| Time | Filtrate Tapping No.

(min- | Volume |[Top| 1 | 2 | 3 | 4 | 5
utes) | (litres) |Position along sample from datum (mm)
0 64 114 216 318 420

6 3 .46 6.80 | 6.80 | 1.45 | 0.32 0.19
1 .53 6.65}6.65 | 6.65 1.07 | 0.44 0.19

2 .58 6.50}6.50 | 6.50 | 0.82 | 0.32 0.19

5 .68 6.88|6.80 } 6.80 | 0.32 | 0.19 0.19

10 L7 6.04}5.80 | 5.80 | 0.32 | 0.19 0.07

20 .83 18.33[8.20 | 8.20-| 0.32 | 0.19 0.07

40 97 6.42|16.24 | 6.24 .19 .13 07

60 .98 6.4216.49 | 6.49 .13 .13 07

90 .99 6.57|6.62 | 6.62 .13 .13 07

133 1.08 6.967.00 | 7.00 .07 07 07

150 1.13 6.96




V9 Test 009

Vil

Results and Obscrvations

The mud was made up as approximately 0.9% (9 Ibs/100 gallons’
by weight Hydropol (old stock).
The mud properties were tested at variou=
times both before and during the exposure of the sample materials to

prior to starting the test.

The mud wag circulated for 2 hours

the mud. The results of such tests were as follows:
Time | Temp.} Marsh A DI Filter Press {5 area)| Plastic |Yield
Funnel |Initial Corrected Viscos-| Point
Viscos- | Spurt Volume itv
ity {(Vg+V) (V!

o secs, b/ 9
mins. C ce ce cps 1001t
-110 19 34 16.5 5.9 5.8 3
-30 19 35
+30 19 34 7.3 4.9 5.0 0
+85 19 33
+125 19 34 6.5 5.1 5.5 0

The specific gravity of the mud was 1.00 - {wiih the accuracy
of the mud balance no difference between the mud and water was
noticeable). In all APl filter press tests the thickness of the filter
cake was negligible.

The mud was circulated at a velocity of 120 ft/min. past the face
of the sample materials and a pressurc differential of approximately
20 psi was maintained for the exposure duration of 2} hours.

After the 150 minutes of pressurised mud (low the pump was
turned off and the test apparatus was isolated. The pressure was Te-
lieved and the mud was left to stand (static flow condition} above the
samples for 20 hours.

All mud was drained from above the samples which were re-
moved, inspected and then reinstalled without any disturbance to the
material faces. Water was gently washed through the test cell for
20 minutes to clean all mud from the apparatus.

The apparatus was filled with water and each material flushed
through under applied pressures up to 20 psi until no further improve-
ment in flow could be obtained.

FEach sample was retesied for permeability.

Romud 1. 1B.D. in the recommended conceniration of 0. 75 1b /100
gallons was added to the test apparatus. After 15 minutes, fluid was
flushed through each material until the pfl change indicated that
P.R.D. solution was present throughout the sample length. Iach
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sample was left as such for 17 hours before further flushing was carr-
ied oul to achieve optimum sample rehabilitation.

The samples were then retested for permeabilily to estimate the
extent of permanent damags caused by exposure to the mud system.

The samples were left covered with water for 16 hours before
being {inally removed and inspecled.

Note: This tesi was similar in all aspects to test 008 other than the
applied pressure differential which has been increased from
approximately 10 to 20 psi.

Material 1
Porosity = 38%
(original} ILinzar K, = 19 mm/min

Table 9.1, TPigures 9.1a, 9.5)

See Table 9.2 and Figure 9.6. Within + minute of exposure a
seal formed somewhere in the top 64 mm of the sample which account-
ed for a pressure drop from 14 metres at the exposed face to 3.2
metres of water head at tapping 1. The effecliveness of this seal de-
creased for the next few minutes. After 5 minutes of exposure the
effectiveness of the seal continually increased until at the end of the
test (150 minutes) the pressure drop between the sample face and
tapping 1 was from 13. 7 to 1.0 metres of water.

The developed seal was considerably less effective in prohibiting
loss of mud filirate to the material than those seals formed in previous
tests using bentonite muds. Although the mud filtrate loss rate de-
creased in time it was still approximately 9 cc/min. at the end of the
test. The mud filtrate would have penetrated the entire sample
length after only 4 minutes when the collected filtrate volume was 1.1
litres. The total volume of filtrate collected was 4. 92 litres.

The effectiveness of the hydropol mud in prohibiting water loss
appears to be very much pressure dependent. In the previous test
008, at a lower pressure differential of 10 psi, a total volume of only

1.68 litres was collected and the final loss rate was less than 2 cc/min.

When the sample was removed, a distinct 1 mm thick sealing
layer was evident at the exposed face of the material. The remainder
of the sample appeared to be homogenecous.

The sample was replaced and all mud washed from the test cell
with water. The apparatus was filled with water and pressure
applied to flush the sample. A small but noticeable improvement was
achieved with an extensive period of flushing. The sealing layer in
the top 1 mm of the sample was still quite effective in limiting flushing
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velocities, thus preventing further rehabilitation.

The results of permeability testing after water flushing alone are

now given:

(exposed) 5-216 mm Linear K, = 10 mm/min
216-450 mm lLinear Ke = 15 mm/min.
‘ (Table 9.1, Figures 9.1b, 9.5

The 1 mm seal in the top of the sample was still quite apparent
(Figure 9.1b) although its effectiveness had been reduced by water
flushing alone.

Bevond the seal itself there had been permeability reductions of
477 and 21% for the material between 5-216 mm and 216-450 mm re-
spectively,

After P.13.D. treatment and further water {lushing the material
was again tested for permeability. From Figure 9.1b, the 1mm seal-
ing layer at the surface of the material had been broken by the P, 1. D.
treatment and the entire sample now had a permeability of 15 mm/min.
(Figure 9. 5.

The P, R.D. solution had been eflfective in breaking down the seali-
ing layer where water flushing had only limited success. However,
the entire sample had undergone permanent damage with a permeability
reduction of 21% being recorded.

When the sample was finally removed and inspected, the 1 mm
sealing layer at the surface of the sample (previously noted in an
earlier inspection) was seen to be still intact over 50% o the area of
the face of the material. No evidence of the seal was present over
the other 50% of the sample face. A sketch of the sample face was
made.

The remainder of the material appeared o be homogeneous.

_I_VIaferial 2

Porosity = 38.6%

v
(originald Non-linear Kg = 1/a = 100 mm/min, b/a = .05
(Table 9.1, Figure 9. 2a, 9.5
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See Table 9.2 and Figure 9.7. A relatively minor degree of
sealing had occurred somewhere in the top 64 mm of the sample within
the first » minute of exposure. This was indicated by the pressure
drop from 14.0 mefres at the exposed face to 6. 62 metres of water ai
tapping 1. The effectivencss of this seal improved with time ol ex-
posure until after 150 minutes the pressure drop between the sample

face and tapping 1 was 12.2 metres of water.

The mud filirate flow rate was reduced from approximaiely 1
litre/min at & minute to 10 ce/min. at 150 minutes.  Whole mud fil-
trate flowed from the sample after only 1 minute of exposure. Al-
though the mud filtrate loss rate decreased in time, the flow rate at
the end of the test was still substantial and a total volume of 8. 14

litres was collected.

The seal developed in this test was far less effective in limiting
loss of mud filtrate to the material than those scals previously de-
veloped in tests using bentonite muds.

The seal developed in this test was noticeably less effective than
the one formed in Test 008 using the same mud system bul a lower
pressure differential of 10 psi. In test 008, a total volume of only
5.2 litres was collected.  As noted for material 1, the continued loss
of mud filtrate through the hyvdropol mud seal was pressure dependent.

When the sample was removed, a distinet 1 mm thick sealing
layer was =2vident at the exposed face of the malerial. The remainder
of the sample appeared to be homogencous.

The sample was replaced and all mud washed from the test cell
with water. The apparatus was filled with water and pressure applied

io flush the sampie. A small but noticeable improvement was ach- E
ieved afier extensive flushing under pressures up to 20 psi.  The
sealing laver in the top 1mm of the sample was still auite prominent
and limiled the flushing velocities, thus preventing further rehabilit-
ation of the sample.

|

The results of permeability testing after water flushing alone are
now given:

(exposed) 5-114 mm Non-linear Ke=1/a = 30 mm/min, h/a% - . 0322
114-216 mm Non-linear Kg=1/a = 36 mm/min, blaZ= .018
216-318mm Nou-linear Kes 1/a: 44 mm/min, b,faz = ,013
318-450mm Non-linear Ke-1/a = 56 mm/min, b;’a2 = 027

(Table 9.1, Figures 9.2h, 9.5
The 1 mm seal in the fop of the sample was still quife apparent
(Figure 9.2bY, although its elffectiveness had been reduced by water

flushing alone.
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Revond the 1 mm seal there was an over rall reduction in materiat
permeability which appeared fo be graded with distance from the ex-
posed face. Permeability reductions ol 70%, 64%, 556% and 44% were
indicated for the 5-11t4, 114-216, 216-318 and 318-450 mm lavers re-
spectively.

A similar grading of less severe damage was obtained in test 004,

After P.B.D. treatment and further flushing, the material was
again tested for permeability. I‘rom [igure 9. 2b, the lmm sealing
layer at the sample surface has been broken by the . 13.D. treatment
The material now appeared to be in two layers each of which was of
very low permeability.

(exposed® 0-318 mm Linear Ke = 6.3 mm/min.
318-450mm  Linear Ke = 8.2 mm/min.
{Table 9.1, Figures 9.2h, 9.5}

Thase values indicate an overall permeability reduction of
approximately 93% for the entire sample.

The P.B.D. (reatmen® had effectively removed the 1 mm seal af
the face of the sample which water flushing alone had previously been
unable to do.

However, the sample permeability after P.B.D. ireatment was
much lower than that of the material alter rehabilitation by water
flushing alone and prior to any P.B.D. treatment. This apparent re-
duction in permeability with P.B.D, treaiment was also noted in lest
008 and no logical explanation can be made by the & author,

When the sample was inally removed and inspected, remnants of %
the 1 mm sealing layer were evident in small sc attered patches over ~
the face of the sample. The remainder ol the material appeared to be '
homogeneous.

Material 3

Porosity = 39%

(original) Non-linear kg = 1/a = 480 nmm/min, b/az = .16 %
(Table 9.1, IMigures 9,3a, 9.5

See Table 9.2 and Migure 9.8. With time of exposure there was
a steady but small decrease in permeability of some portion of the
sample between the exposed face and tapping 1. The pressure drop
across the 0-64 mm layer of the sample increased from 2.6 metres at
1 minute to 5.6 metres of water head at 150 minutes. There was also
a noticeable decrease in the permeability of the 64-114 mm portion of
the sample as evidenced by the increased proportion of the head loss
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occurring between tappings 2 and 3.

Whole mud flowed freely from ths sample for most of this test.
The decrease in permeability in the upper portions of the sample re-
duced the mud flow rate from 7 litres/minute at [ minute to 0.4 litres/
min. at 150 minutes.

The inability of this hydropeol mud to eliminate mud loss to the
material is in sharp contrast to the completely effective scal developed
by a 62% Aquagel mud in test 004. In test 004 a secal formed within 1€
minutes which prevented any further loss of mud filirate beyond 41
litres,

A total volume of 120 litres of mud filtrate was collected. In
test 008 using the same mud system, but a lower pressure differential
of 10 psi, 52 litres were collected.

When the sample was removed, a layer of apparenily lower perm-
eability was evident in the top 2 mm of the sample. 'This layer was
not a distinct cohesive cake as had been the case with materials 1 and
2 when examined. The remainder of the sample appeared to be homo-
geneous.

The sample was replaced and all mud washed from the test cell
with water. The apparatus was lilled with water and pressure applied
to flush the sample. The sample was easily cleaned and flushing con-
tinued until no further improvement was noticeable.

The results of permeability testing alter water flushing are now
givern:

(exposed) 64-114 mm Non-linear Ke = 1/a = 120 mm/min, b/aZ=,52
[14-318 mm Non-linear Ke = 1/a - 180 mm/min, b/a2=. 44
318-450 mm Non-linear Ke =1/a = 340 mm/min, b/a®=1.2

(Table 9.1, T'igures 9.3b, 9.5}

Examining Figure 9.3b, it would appear that water flushing alone
had removed the 2 mm layer at the exposed lace of the gsample.

There was an overall reduction in material permeability which
appeared to be graded with distance from the exposed face.

After P.T1.D. treatment and further (lushing the material was
again tested for permeability.

170 mam/min, b/a?+.386
305 mm/min, b/a?=.59

(exposed) 64-114 mm Non-linear ke = 1/a
114-318 mm Non-linear Ke = 1/a
318-450 mm Non-linear Ke = 1/a = 400 mm/min, hlaZ= .a¢
(Table 9.1, IFigures 9.3b, 9.5}

1

It
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The P.B.D. treatment had significantly aided in the recovery of
the sample.

For matrerials with b,-’az‘) 0.1, the reliability of extrapolating
non-linear equations (i = aV + bV2) ag determined from only 3 points
to a value of permeability K = 1/a is very low. In such cases, est-
imates of damage may be more reliably evaluated by comparing the
hydraulic gradients necessary to achieve specified flow velocities.
For water flushing alone, the indicated reductions in permeability
(specified flow velocity = 1500 mm/min} were 95%, 89% and 84% for

the 64-114, 114-318, and 318-450 mm layers respectively {(Figure9.5".

After P.B.D. treatment and final flushing, the indicated permeability
reductions (specified flow velocity = 2000 mm/min} were 89%, 79%
and 74% for the 64-114, 114-318 and 318-450 mm layers respectively.

Quite considerable permanent damage had been done to the
samples by exposure to the mud. Water flushing alone was limited in
its ability to rehabilitate the mud damaged material. P.B.D. treat-
ment followed by final flushing improved the damaged material perm-
cability by approximately 10%. However, resultant damage was gtill
high with permeabilily reductions in the range of 5% to 90%.

When the sample was ‘inally removed and inspected, the entire
sample appeared to be homogeneous except for noticeable but non-
distinct remnants of the 2 mm layer previously noted at the face of the
sample.

Mater ial 6

oot

Porosity = 30.8%

{(original) 0-64 mm More permeable than 64-114 mm
64-114mm Linear Kg = 64 mm/min.
114-216 mm Non-linear K5=30 mm/min, b/a2 = .018
216-318mm Non-linear g =19 mm/min, b/a2 = ,012
318-450 mm Non-linear Ko = 44 mm/min, b/a2= ,050
(Table 9.1, TMigures 9.4a, 9.5}

As can be secen the sample had various layers of dilfering perm-
eability throughout its length.

See Table 9.2 and Figure 9.9, Evidence of the development of a
sealing laver between tappings 2 and 3 was seen within I minute of ex-
posure when the pressure head drop across this distance was 6.7
metres of water. The effectiveness of the secal improved with {ime
until after 20 minutes it appeared stable and for the remainder of the
test accounted for a head loss of 11.3 metres ol water between 114 and
216 mm.

The fact that the seal developed between 114-216 mm and not
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‘64- 114 was guite significant. The critical permeability of the mater-
ial which will allow formation of a sealing layer had thus been neatly
defined as being between 30 and 60 mm/min.

The developed seal did not fully stem the flow of mud filtrate from
the sample. The rate of loss of mud filtrate did, however, decline to
such an extent that beyond 40 minutes it was never above 4 cc/minute.
(In test 008, using the same mud system, but a lower pressure differ-
ential of 10 psi the filtrate loss was reduced to 2 cc/minute for times
greater than 30 minutes by a seal which developed in a material layer
of permeability 40 mm/min.}

The mud filtrate would have penetrated the entire sample length
after only 5% minuies when the collected filtrate volume was 0. 89 litres.

When the sample was removed and inspected, a layer of appar-
ently lower permeability was evident in the top 2 mm of the sample.
This layer could not be classed as a seal since it was not distinetly co-
hesive and did not cover the entire face of the sample. Visual banding
was evident throughout the sample which coincided witlh the banding
present when the sample was originally prepared.

The sample was replaced and all mud washed from: the fest cell.
with water. The apparatus was filted with water and pressure applied.-
Attempts to flush the sample even under applied pressureszol 25 psi
met with only minor success due to the continued effectiveness of the-

sealing layer between tappings 2 and 3.

The results of permeability testing after water flushing alone are
now given:

{exposed) 0-64 mm. Comparable to 64 - 114 mm.

64-114 mm  IL.inear Ke = 19 mm/min.
114-216 mm L.inear Ke = 0.2 mm/min.
216-318mm I.inear Ke = 1.0 mm/min.
318-450mm Linear Ke= 11 mm/min.

(Table 9.1, Figures 9.4b, 9.5}

As can be seen the water flushing alone had notl been very effect-
ive in rehabilitating the damaged sample. The indicated reductions in
permeability of the 64-114, 114-216, 216-318 and 318-450 mm layers
are 70%, 99%, 95% and 75% respectively.

After P.B.D. treatment, water flushing of the sample was con-
tinued at an improved rate and then the sample retested for permeabil-
ity.
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(exposed) 0-64 mm Comparable to 64-114 mm
64-114mm Iinear Ke = 42 mm/min.
114-216mm Linear Ke = 0.7 mm/min.
216-318mm Non-linear Ke=1/a = 2.3 mm/min, b/a® = .020
318-450mm Non-linear Ke=1/a = 7.5 mm/min, b/a2 = . 0863
(Table 9.1, Figures 9.4b, 9.5}

il

The P.R.D. treatment was an improvement over water flushing
alone. However, there had still been considerable permanent damage
done to the sample resulting in permeability reductions of 34%, 98%,
88% and 80% for the 64-114, 114-216, 216-318 and 318-450 mm layers
respectively.

The P.RB.D. treatment had only significantly improved the 64-114
mm and 216-318 mm layers of the damaged sample. Negligible im-
provements within the layer in which the seal developed were possible.

If higher flushing velocities were possible, the sample may have
cleaned up considerably more than it did. The sealing layer between
114 and 216 mm was far enough from the sample face to be exiremely
difficult to erode. Perhaps continued extensive 17, B, D. treatment.
would have reduced the seals effectiveness.

The sample was finally removed and inspected. Remnants of the
2mm layer of low parmecability previously noted at the face of the
sample were evident. Banding which existed when the sample was pre-
pared was still evident. As noted in test 008, 20 mm thick bands of
finer material appeared regularly spaced throughout the sample. If
such a band were the major cause of the head loss between two tappings
then permeabilities within such thin layers could be 1/4 the values in-
dicated by assuming the head loss evenly distributed over the material
between the two tappings.
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Table 9.1 Test 009

Permeability testing of material samples.

Values of pressure (metres of water) as recorded at various positions

along the sample for a measured flow of water through the sample.

Mater{ Flow Velocity Tapping No.
ial Rate Top | 1 | 2 [ 3 | 4 5
litres/ mmy/ Position along sample from datum (mm)
min min. 0 64 [114 [216 [318 | 420
Material Tests before Exposure to Drilling Mud .
3 32.55 5060 13.68 | 12.16 |10.65 | 8.07 | 5.36 [2.78
25.11 3903 9.33 8.13 7.12 | 5.36 | 3.47 |1.77
15.00 2332 4.13 3.59 3.09 | 2.33 | 1.45 | .63
2 10.97 1705 14.45 {12.79 [11.28 | 8.19 | 4.85 {1.45
- 8.24 1281 9.02 7.94 6.93 ] 4.98 | 2.84 | .76
4.40 684 4.20 3.72 3.22 { 2.21 | 1.26 | .32
1 3.52 547 1406 12.60 |[11.41 | 8.51 | 5.30 [2.21
2.33 362 9.10 8.07 7.25 | 5.17 | 3.09 {1.07
1.15 179 4.13 3.72 3.34 | 2.33 | 1.39 | .44
6 4.48 696 4,29 | 14.05 [13.49 [10.15 | 4.73 [1.89
3.19 495 9.1 9.01 8.63 | 6.49 | 2.96 {1.20
1.48 230 3.67 3.72 3.563 [ 2.65 1.20 | .51
Material Tests after Exposure to Drilling Mud
Initial Flushing - Water only
3 7.90 1228 14,37 | 11.66 8.38 [5.23 | 2.52 | .b7
6.00 933 8.94 7.19 5.17 | 3.15 1.52 | .26
3.60 560 3.44 2.88 2.08 |1.26 57 .07
2 3.33 518 14.37 6.05 4.79 |2.96 1.58 | .38
2.23 347 9.78 3.72 3.03 |1.89 1.01 ] .26
1.03 161 4.28 1.70 1.39 .89 44 .13
1 1.37 214 14.98 6.43 5.36 |3.34 1.83 | .4
.16 118 9.40 3.66 3.03 }1.83 1.01 | .26
.25 39.4 3.44 1.20 1.01 .60 32 .13
6 .16 24.1 14.37 | 14.37 [14.30 |2.71 38| .13
.06 8.04 8.18 8.42 | 8.38 |1.35 .13 1..07




Table 9.1 Test 009 (cont'd.)

Mater-| Flow Velocity Tapping No.
ial Rate Top. | 1 | 2 3 | 4 | 5
litres/ mm/ Position along sample from datvm{mm)
, min. min. 0 | 64 [114 (216 | 318 |420
Material Tests after Exposure to Drilling Mud
Final Flughing - P.B.D. Treatment and Further Water Flushing
3 12.05 1873 13.99 | 11.91 }9.14 |6.11 | 3.28 .89
9.90 1539 9.33 7.88 | 5.99 |4.04 | 2,08 BT
5.91 918 3.82 3.32 j2.52 |1.64 .82 .15
2 1.44 224 14.37 | 12.41 (11,09 | 7.12 | 3.4: .57
.91 142 8.02 7.82 § 7.00 |4.48 | 2.15 .38
.46 71.5 4.36 3.85 § 3.47 |2.27 | 1.07 19
1 2.95 459 14.22 |11.78 (10,52 | 7.19 }3.97 |1.39
1.92 298 9.17 7.69 | 6.87 |4.60 | 2.59 10
.83 128 3.86 3.43 { 3.03 |2.02 |1.14 32
6 .35 54.4 14.29 | 14.178]14.115|5.80 | 2.21 |1.07
.24 37.3 9.63 9.541] 9.49113.59 {1.39 .70




" Table 9.2 Test 009

Sample behaviour during time of exposure to drilling mud

Pressure {metres of water)

Material | Time | Filirate Tapping No.
(min-| Volume | Top [ 1 |2 [ 3 | 4 | 5
utes) | (litres) | Position along sample from datum ‘mm)
0 64 {114 218 318 420
1 3 . 305 14.00 |3.22 |2.84 [1.20 0.57 [ 3.07
1 .530 14.00 |5.23 |3.97 {1.45 0.32 {0.19
2 805 14.00 | 6.74 |5.23 |(3.22 0.82 | 0.07
5 1.26 14.00 | 6.74 [5.48 |3.97 2.08 §0.57
10 1.75 13.22 |4.98 |3.97 [2.71 1.58 | 0.44
20 2.40 13.00 13.72 |2.96 |1.96 | 1.2 0.19
40 3.22 13.00
60 3.74 12.92 | 1.64 {1.45 .85 57 .19
90 4.26 13.22 | 1.39 |1.20 .16 .44 .13
120 4.66 13.22
135 13.22 {1.01 | .82 | .51 .32 .13
150 4,92 13.22 ,
2 5 .75 14.00 | 6.62 |5.23 [2.21 | 0.44 |0.07
1 1.10 14.00 | 7.12 | 6.11 {4.10 1.96 | 0.32
2 1.80 14.00 | 6.37 | 5.48 |3.72 2.08 | 0.44
5 2.95 14.00 | 4.60 [ 3.85 |2.71 1.33 10.19
10 4.05 13.22 2.8412.46 1.45 0.70 )} 0.19
20 5.08 13.00 | 2.33 | 1.70 {1.07 0.57 1 0.13
40 6.16 13.00
60 6.81 12.92 | 1.07 .76 .44 .26 07
90 7.38 13.22 { 1.20 .89 44 .18 07
120 7.82 13.22
135 13.22 | 1.01 .63 .26 .13 07
150 8.14 13.22 _
3 5 3 14,00 {11.41}9.52 |6.37 3.72 | 1.07
1 7 14.00 {11.631{2.39 {6.24 | 3.47 | 1.07
2 13 14.00 [10.90 | 8.76 {5.74 2.96 | 0.70
5 25 14,00 (10.02 | 7.75 [4.98 | 2.59 | 0.57
10 36 13.22 | 8.76| 6.49 |4.22 | 2.08 | 0.32
20 52 13.00 ! 8.265.99 |3.72 1.83 | 0.32
40 71 13.00
60 84 12.92 | 7.94 | 5.17 |3.09 1.58 44
30 98 13.22 | 7.881 5.04 |3.03 1.58 44
120 110 13.22
135 13.22 | 7.634.79 |3.03 1.58 44
150 120 13.22 :




Table 9.2 Test 009 (cont'd.)

Material| Time | Filtrate Tapping No.
(min- | Volume | Top | 1. | 2 | 3 | 4 | 5
utes) | (litres) | Position along sample from datum {(mm)
0 64 | 114 ] 216 | 318 420
8 3 .56 14.00 |13.17 }12.54 | 5.86 [ 1.07 }0.19
1 .60 14.00 | 13.80 [13.55 | 4.60 | 1.58 {0.44
2 .68 14,00 | 13.80 {13.67 | 3.84 | 0.95 |0.32
5 .88 14.00 {13.93 [13.93 { 2.59 | 0.44 |0.07
10 1.08 13.22 113.04 [13.04{1.96 |0.44 |0.07
20 1.28 13.00 | 13.04 }13.04 [1.70 |0.19 |0.07
40 1.375 113.00
60" 1.46 {12.92 12,92 [12.92 |1.58 13 .07
90 1.56  13.22 | 13.23 |13.17 {1.89 | .o7 .07
120 1.64  [13.22
135 13.22 | 13.17 {13.17 {1.83 | .07 | .07

150 1.715 13.22
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V10.1
V10 Test 010 Results and Observations

The mud was made up as approximately 0.6% (6 lbs/100 gallons!
by weight of Hydropol {new product). As previously noted the new
product Hydropol is far more viscous than the old product. Thes mud
was circulated for 13 hours prior to starting the test. Only limited
testing of the mud was carried out during the 40 minute duration of the
test. Mud properties as measured were maintained as follows for
the duration of the test.

Temperature = 203 C

Specific Gravity = 1.00

Marsh Funnel Viscosity = 45 seconds
Plastic Viscosity = 10.5 c¢ps

Yield = 15 1b/100 #t2

The mud was circulated at a velocity of 130 ft/min. past the
face of the sample materials and a pressure differential of approxim-
ately 20 psi was maintained for the exposure duration of 40 minutes.

It was intended to expose the samples to mud flow for 25 hours.
However, a broken seal in the pump caused the test to be stopped
after only 40 minutes. The pressure was relieved and the mud was
left to stand (static flow condition) above the samples for 70 hours.

All mud was drained from above the samples which were re-
moved, inspected and then replaced without any undue disturbance.
Water was gently washed through the test cell for 20 minutes to dean
all mud from the apparatus.

The apparatus was filled with water and each material flushed
through under applied pressures up to 20 psi until no further improve-
ment in flow could be obtained.

Fach sample was retested for permeability.

Romud P.B.D. in the recommended concentration of ¢.75 1b/
100 gallons was added to the test apparatus and left to stand above the
samples for 17 hours.

Fluid was flushed through each material until the pTf change in-
dicated that °. B.D. solution was present throughout the sample
length. FEach sample was left as such for a further 4 hours before
further flushing was carried out to achieve optimum sample rehabil-
itation.
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The samples were then retested for permeability to estimate the
extent of permanent damage caused by exposure to the mud flow.

The samples were left covered with water for 12 hours before be-
ing finally removed and inspected.

Material 1

Porosity = 38.2%

(original) Linear Kg = 18 mm/min
(Table 10.1, Figures 10.1a, 10.5)

See Table 10.2 and Figure 10.6. Within L minute of exposure a
seal formed somewhere in the top 64 mm of the sample which account-
ed for a pressure drop from 13.9 metres at the exposed face to 1.7
metres of water head at tapping 1. The effectiveness of this seal
steadily decrcased in time for 20 minutes. After 20 minutes of ex-
posure the material behaviour appeared to have stabilised. The
pressure drop in the top 64 mm of the sample was only 4.6 metres of
water for the remainder of the test. Under similar flow conditions,
the old stock Hydropol mud used in test 009 formed a seal in the top
1 mm of the sample which accounted for a pressure drop of 10.6
metres of water.

Although the mud filtrate loss decreased in time, it was still
approximately 20 cc/min at the end of the test at which time a total
volume of 1.6 litres had been collected. The equivalent loss rate of
mud filtrate and collected volume recorded at 40 minutes in test 009
were 28 cc/min.and 3.2 litres respectively. The loss of filtrate for
the new product Hydropol is far lower than the old stock product used
in test 009 due to much higher viscosity.

The mud filtrate would have penetrated the entire sample length
after 15 minutes when the collected filtrate volume was 1.2 litres.

When the sample was removed, an approximately 5 mm thick
layer of lower pemeability material was evident in the top 5 mm of
the sample. This layer was not a distict cohesive impermeable cake
and did not cover the entire exposed surface of the sample. The re-
mainder of the sample appeared to be homogeneous.

The sample was reinstalled. The apparatus was cleaned of
mud and filled with water. The sample appeared to be quite easily
flushed when a pressure of 10 psi was applied. Flushing under a
pressure of 20 psi was continued until no further improvementi was
noted.

The results of permeability testing after water flushing alone
for the sample beyond the 5 mm top layer were:
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{exposed) Linear Ke = 16 mm/min,
(Table 10.1, Figures 10.1b, 10.5)

As shown in Tigure 10.1b, the 5 mm thick layer at the top of the
sample was still present, The remainder of the sample appeared to
be homogeneous and had suffered a small permeability reduction of 11%.

After P.B.D. treatment and further water flushing the material
was again tested for permeability. From I'igure 10.1b, the low perm-
eability 5mm thick layer at the top of the sample had been rehabilitated,
and the entire sample had a permeability of 15 mm/min.

The P.B.D. treatment had been effective in breaking the low
permeability layer at the surface of the sample where waler flushing
had only limited success. However, the entire sample had undergone
a permanent reduction in permeability of approximately 15%.

When the sample was finally removed and inspected, only minor
remaining evidence of the previously noted 5 mm thick surface layer
could be found. The entire sample appeared to be homogeneous.

Material 2
Porosity = 40%

. 2
(original) Non-linear Ko = 1/a = 77 mm/min, b/a” = .020
(Table 10. 1, Iigures 10.2a, 10.5).

See Table 10.2 and Figure 10.7. Only minor evidence of a re-
duction in permeability between the exposed face and tapping 1 was
present with the limited duration of the test. The final pressure drop
across the top 64 mm of the sample was only 5.5 metres of water head.

Under similar flow conditions, the old stock Hydropol mud used
in test 009 formed a seal within the top 1 mm of the sample which
accounted for a pressure drop of 12 metres of water.

Although the mud filtrate loss decreased in lime, it was still
approximately 70 cc/min. at the end of the test at which time a total
volume of 4.7 litres had been collected. The equivalent total volume
collected at 40 minutes in test 009 using the less viscous old stock
Hydropol was 6. 2 litres.

Mud filtrate would have penetrated the entire sample length after
only 43 minutes when the collected filtrate volume was 1. 16 litres.

When the sample was removed, a thin 1 mm layer of low perm-
eability was evident at the exposed surface of the sample. This layer
was not distinctly cohesive nor highly impermeable. The remainder
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of the sample appeared to be homogeneous.

The sample was reinstalled. The apparatus was cleaned of mud
and filled with water. The sample appeared to be quite easily flushed
when a pressure of 10 psi was applied. Flushing under a pressure of
20 psi was continued until no further improvement was noted.

The results of permeability testing after water flushing alone are
now given for the material beyond the 1 mm layer at the exposed sur-
face.

2
(exposed)  Non-linear Ke = 1/a = 52 mm/min, b/a = .013
(Table 10. 1, I'igures 10.2b, 10.5)

As shown in IFigure 10.2b, the 1 mm layer at the sample surface
was still present. The remainder of the sample appeared to be homo-
geneous and had suffered a permeability reduction of 32%.,

After P.B.D. treatment and further water flushing the material
was again tested for permeability. From Figure 10.2b, the P.B.D.
treatment had removed the seal caused by the 1 mm layer and the en-
tire sample appeared to be homogeneous with the following flow be-
haviour:

2
(exposed) Non-linear Ke = 1/a = 28 mm/min, b/a” = .008
(Table 10.1, Tigure 10.2b, 10.5)

This value indicates an overall permeability reduction of 64%.

The P.B.D. treatment had removed the 1 mm seal at the surface
which water flushing alone had previously been unable to do. Tlow-
ever, the material permeability after P.B.D. treatment was lower
than that of the material after rehabilitation by water flushing alone
and prior to any P.B.D, treatment. This apparent reduction in perm-
eability with P.B.D. treatment was also noted in tests 008 and 009. No
logical explanation can be offered by the author.

When the sample was finally removed and inspected, only minor
remaining evidence of the previously noted 1 mm thick surface layer
could be found. The entire sample appeared to be homogeneous.

Material 3

Porosity = 38.2%

2
(original) Non-linecar Ko = 1/a = 450 mm/min, b/a” =.18
{Table 10.1, Figures 10.3a, 10.5)

See Table 10.2 and Figure 10.8. With time of exposure there
was a relatively minor decrease in the permeability of some portion of
the sample between the exposed face and tapping 1. The final pressure
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‘drop across the § to 64 mm of the sample was only 3.5 metres of
water.

Whole mud flowed freely from the sample for most of this test.
The decrease in permeability in the top 64 mm of the sample reduced
the mud flow rate through the sample from 2% litres/minute at 1 min-

ute to 0.8 litres/minute at 40 minutes.

When the sample was removed and inspected, the entire sample
appeared homogeneous. There was no evidence of a thin cohesive
seal at the sample face.

The sample was reinstalled. The test cell was washed clean of
mud and filled with water. The sample was easily washed clean and
flushing continued until no further improvement was noticeable.

The results of permeability testing after water flushing alone
were;

2
(exposed) Non-linear Ke = 1/a = 370 mm/min, b/a = .25
(Table 10.1, Figures 10.3b, 10.9)

There has been an overall reduction in the permeability of the
entire sample.

After P, B.D. treatment and further flushing the material was
again tested for permeability:

2
(exposed) Non-linear Ke = 1/a = 390 mm/min, b/a = .21
(Table 10.1, Figures 10.3b, 10.5)

The P.B.D. treatment had further aided in rehabilitation of the
damaged sample.

For materials with b/a2> 0.1, the reliability of extrapolating
non-linear equations (i = aV+bVv?2) as determined from only 3 points
to a value of permeability K = 1/a is very low. In such cases, est-
imates of damage may be more reliably evaluated by comparing the
hydraulic gradients necessary to achieve specified flow velocities.
For specified flow velocities between 2000 and 3000 mm/min, the
indicated permeability reductions (Figure 10.5) for water flushing
alone and P.B.D. treatment with final flushing were 40% and 30%
respectively.

Considerable permanent damage had been done to the material
by exposure to the mud., Water flushing alone was limited in its ab-
ility to remove damage to the sample. P.B.D. treatment followed by
final flushing further aided rehabilitation of the sample but a resultant
reduction in permeability of 30% was still present.
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Final inspection of the sample revealed it to be visually homogen-
eous throughout its entire length.

Material 4

Porosity = 39.5%

(original) Non-linear K, = 1/a = 2000 mm/min, b/aZ = 1.2
(Table 10.1, Figures 10.4a, 10.5)

See Table 10.2 and Figure 10.9. This material was far more
permeable than material 3 and as such no form of sealing was expected.
However, after 2 minutes, there was a steady increase in the pressure
drop between the exposed face and tapping 1. The final pressure drop
of 7.7 metres of water across 0-64 mm was the largest reduction in
pressure recorded for all materials in this test. It would seem that
quite a large reduction in permeability had increasingly occurred with
time in the top 64 mm of this material.

Whole mud flowed freely from the sample for the entire test dur-
ation. The decrease in permeability in the top 64 mm of the sample
reduced the mud flow rate through the sample from 12 litres/min. at l
minute to 5 litres/min. at 40 minutes. This final loss rate of mud was
still very high.

This sample was not inspected. 1t is the author's opinion that it
would have been similar to material 3, i.e. it would have appeared to
be homogeneous without any distinct layer near the face of the sample.

The sample was very easily flushed clean when pressure was
applied to water above the sample. Only limited flushing was necess-
ary to achieve optimum rehabilitation of the sample.

The subsequent P, B.D. treatment and final water flushing ach-
ieved no further improvement in the flow behaviour of the damaged
sample material. Results of permeability testing after 1. B. D,
treatment as presented in Table 10.1 have not been plotted in Figure
10.4b.

See Figure 10.5. Tor this material b/a? > 0.1 and the reliability

of extrapolating the non-linear expression (i = aV + bv?2) as determined
from only 3 points to a value of permeability K = 1/a would be very
low. In this case, an estimate of damage may be more reliably evalu-
ated by comparing the hydraulic gradients necessary to achieve specif-
ied flow velocities between 4000 and 7000 mm/min. When this was
done the estimated overall permanent reduction in permeability of the
sample was 18%.

Permanent damage has been done to the material due to exposure
to the mud. Water flushing alone was as effective as P.B.D. treatment

Y
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-in rehabilitating the sample to its final state in which a reduction of

18% in permeability had occurred.

Final inspection of the sample revealed it to be visually homogen-

eous throughout its entire length.
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Table 10.1 Test 010

Permeability testing of material samples.

Values of pressure (metres of water) as recorded at various positions
along the sample for a measured flow of water through the sample.

Mater~-| Flow |Velocity Tapping No.
ial Rate Top | 1 | 2 | 3 [ 4 ] 5
litres/ mm/ Position along sample from datum (mm)
min. min. 0 |64 [114 [216 [318 | 420
Material Tests before Exposure to Drilling Mud
1 3.97 618 15.82 [13.74 |12.41 | 8.76 |4.92 1.39
2.40 373 9.33 | 8.38 | 7.37 |5.17 [2.90 .82
1.19 185 4,43 [4.04 | 3.59 |2.52 }1.39 .38
2 11.11 1727 14.98 12,98 {11.47 | 8.32 }14.98 1.39
7.44 1167 8.94 | 7.75 | 6.81 |4.85 |2.96 16
3.81 593 3.97 | 3.66 | 3.22 | 2.27 |1.33 .32
3 30.15 4687 15.06 [13.36{11.78 | 8.63 |5.86 2.654
23.21 3608 9.44 | 8.38} 7.37 | 5.36 |3.59 1.70
13.48 2096 3.97 | 3.721 3.28 | 2.33 |1.52 .63
4 45.34 7048 12.23{11.28{10.59 | 8.76 }6.74 4.48
38.00 5907 8,18 | 7.75} 7.19 §{5.93 |4.60 2.96
25.53 3969 4,28 | 404 3.78 | 3.09 |2.33 1.45
Material Tests after Exposure to Drilling Mud
Initial Flushing ~ Water only
1 3.09 480 14.37 §11.15(9.89 | 6.68 | 3.59 .82
1.79 2178 8.94 | 6.49;5.74 | 3.85 |2.02 51
.76 118 4,36 | 2.90f 2.59 | 1.70 .89 19
2 7.60 1181 14.45 | 11.15| 9.45 | 6.24 | 3.53 .76
5.31 825 9.33 7.06(5.99 | 3.91 |2.21 .44
2.60 404 4.20 3.2812.78 | 1.83 | 1.07 .26
3 21.76 3383 13.91 | 12.29]/10.78 | 7.37 | 4.73 1.83
16.95 2635 9.33 8.13| 7.06 | 4.85 | 3.03 1.14
10.95 1702 4.51 4,041 3.53 | 2.40 | 1.45 51
4 42.86 6662 11.85 | 10.59 9.64 | 7.75 |5.67 3.66
33.40 5192 7.95 7.12( 6.49 |5.17 | 3.78 2.40
23.39 3636 4.09 3.72 3.41 |2.71 | 1.96 1.20



Table 10.1 Test 010 (cont'd.)

A

Mater| Flow | Velocity Tapping No.
ial Rate Top |1 | 2 | 3 [ 4 | 5
litres/ mm/ |Position along sample from datum {mm)
min. min. 0 le4 Ji14 | 216 [ 318 | 420
Material Tests after Exposure to Drilling Mud ) )
Final Flushing - P.B.D. Treatment and Further Water Flushing
1 3.09 481 14.68 112,73 [11.47 | 7.69 4.10 .95
1.96 305 8.94| 7.82 1 7.00 1} 4.73 2.52 N
.94 - 145 4.201} 3.91 | 3.47 1 2.33 1.20 32
2 4,62 717 13.83 111.91 {10.40 | 6.93 3.97 .82
3.15 489 9.3318.07 ] 7.00 | 4.73 2.78 .63
1.64 256 4.36 1 3.91 ; 3.41 | 2.33 1.39 .32
3 23.72 3687 13.91 {12.41 {10.90 § 7.63 4.98 2.08
18.35 2852 9.3318.26 | 7.19 | 4.98 3.22 1.33
11.54 1794 4,28 1 3.78 | 3.28 | 2.27 1.45 .57
4 42,35 6584 11.62 (10.65| 9.77 | 7.88 5.86 3.85
34.16 5310 8.03} 7.37 6.74 | 5.42 3.97 2.52
23.67 3679 3.97| 3.721 3.41 2,71 1.96 1.20




Table 10.2 Test 010

Sample behaviour during time of exposure to drilling mud.

Pressure (metres of water)

-Material] Time | Filtrate Tapping No.
(min-{ Volume | Top | 1 | 2 | 3 | 4 5
utes) | (litres) Position along sample from datum (mm
0 |64 114 216 318 | 420
1 1 23 [13.9101.70 | 170 | 1.20| 57 | .32
1 385 |13.61(2.59 | 1.83 | .57 32, .19
2 525 |13.61|4.48 | 3.34 .32 321 .19
5 745 |13.7617.37 | 6.49 | 2.21 32 .19
10 .925 113.8318.38 | 7.63 | 4.35 95 | .19
20 1,195 [13.9119.14 | 8.38 | 5.86| 3.09 | .44
22 13.9119.26 | 8.51 | 5.93] 3.22 70
30 1.41 [13.45]9.26 | 8.13 | 5.74 | 3.22 .82
40 1.60 {13.45|9.14 | 8.13 | 5.74| 3.22 | .82
2 : .545 ]13.918.38 | 5.48 .82 44 .19
1 .80 113.6119.77 | 7.63 | 3.22 44 | .19
) 2 1.06  113.61}10.40 | 8.76 | 5.48 | 2.08 | .32]
I 5= 152 |i8.76 l0.40 ¥9.01 186.24 3.72 | .95,
10 9.11 [13.83[9.89 | 8.51 | 5.99 | 3.47 | .95
20 3,19 [13.91]9.14 | 7.63 | 5.23 | 3.34 .95
23 13.9118.95 | 7.50 | 5.11 | 3.09 .95
30 4.05 |13.45{8.13 { 6.74 | 4.60 | 2.84 .82
40 471 |13.45|8.00 | 6.49 | 4.35 1 2.71 .70
3 H 1.50 13.91{11.78 | 9.77 | 6.87 | 3.85 .95
1 2.55 |13.61111.91}10.15 | 7.00 | 4:35 | 1.33
2 4.55 |13.81111.78 {10.02 | 6.74 | 4.22 | 1.33
5 9,35 [13.76(11.53 | 9.77 | 649 | 4.10 [ 1.20
10 15.80 |13.83]11.28 | 9.52 | 637 | 3.85 1.20
20 27.6 13.91 [10.78 | 9.14 | 5.99 | 3.72 1.07
23 13.91 110.71 | 8.95 | 5.86 | 3.59 | 1.01
30 37.0 13.45 (10,02 | 8.38 | 5.61 ] 3.34 .95
40 45.0 13.45| 9.89 | 8.26 | 5.36 | 3.34 .95
4 1 6 13.91 {12.04 |11.28 | 8.63 | 5.74 | 2.59
1 12 13.61112.16 | 11.28 | 8.51 | 5.74 | 2.59
2 30 13.61 [12.16 | 11.15 | 8.51 | 5.61 | 2.46
5 63 13.76 [11.53 1 10.65 | 8.00 | 5.36 | 2.21
10 96 13.83 110.02 | 9.14 | 6.74 | 4.48 | 1.83
20 |186 13.01 ] 7.63 | 7.12 {5.23 | 3.34 | 1.33
24 7.31 1 6.56 | 4.79 | 3.09 | 1.20
30 |246 13.45 | 6.37 | 5.74 | 4.22 | 2.71 | t.07
40 |296 13.45 | 5.74 | 5.36 | 3.97 | 2.46 .95




Vit.1l
V1l Test 011: Results and Cbservations

The mud was made up as approximately 0. 6% (6 lbs/100 gallons)
by weight of Hydropol (new product) plus 6% by weight of a prepared
sand, the grading of which is shown in Figure 1.1. The sand added
was of similar grading to a sample of sand which was carried by the
mud during rotary drilling of a typical hole in unconsolidated sedi-
ments in New South Wales.

The mud was circulated for 1315 hours prior to starting the test.
The sand appeared to settle quite quickly in the mud bin. However,
since the offtake to the pump was at the base of the bin, sand was cir-
culated in suspension with the mud. When testing the sand content,
the sample was taken from the return inlet to the mud bin.

The mud properties were tested both before and during the ex-
posure of the sample materials to the mud. The mud was maintained
as follows for the duration of the test.

Temperature = 24°¢C
Specific gravity = 1.04
Marsh Tunnel Viscosity = 52 seconds
A.P.l. Filter Press (} area)
Tnitial spurt (Vg + V) = 15 cc
Corrected volume (V) = 5 cc
Filter cake thickness = 1/32" (sand grains)
Sand content = 13% by volume
Plastic viscosity = 13.0 c¢ps
Yield point = 20 1b/100 sq. ft.

During the exposure time of 2 hours, both the mud flow pressure
and velocity varied considerably about the target values of 20 psi (14

metres of water) and 120 ft/min. respectively (Figure 11.1). Consider-

able surging of both pressure and velocity was due to periods of cavit-
ation occurring in the pump which had undergone maintenance since
the completion of test 010.

After the 120 minutes of pressurised mud flow the pump was
turned off and the test cell was isolated. The pressure was relieved
and the mud was left to stand (static flow condition) above the samples
for 24 hours.

All mud was drained from above the samples which were re-
moved, inspected and reinstalled.
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The test cell was filled with water and the samples left under
water (no pressure) for 17 hours.

Each material was then flushed through under applied pressures
up to 20 psi until no further improvement in flow could be obtained.

Tach sample material was retested for permeability.

Romud . B.D. in the recommended concentration of 0.75 1b/100
gallons was added to the test apparatus.

After 4 hours, fluid was flushed through each material until the
pH change indicated that P.B.D. solution was present throughout the
sample length. Each sample was left as such for 30 minutes before
further flushing was carried out to achieve optimum rehabilitation.

The samples were then retested for permeability to estimate the
extent of permanent damage caused by exposure to the mud system.

The samples were left covered with water for 17 hours before
being finally removed and inspected.

Material 1

Porosity = 38%

“(original) Linear K = 15 mm/min
(Table 11.1, Tigures 11.2a, 11.6)

See Table 11.2 and Figure 11.7. Within L minute of exposure a seal
formed somewhere in the top 64 mm of the sample. For the duration
of the test this seal accounted for a pressure drop across the top 84mm
of the material of approximately 7 to 8 metres ol water head.

The mud filtrate loss rate decreased in time and was less than
9 cc/minute after 60 minutes of exposure. The total collected filtrate
volume of .99 litres indicates an estimated depth of invasion of mud
fluid of 405 mm into the sample.

The results of this test may be compared with test 010 wherein
the same Hydropol concentration was used to make a pure mud with no
sand contamination. The sandy mud used here produced a far more
effective seal than the pure mud of test 010 where mud penetrated the
entire sample after only 15 minutes.

The seal formed was still not as effective as those formed pre-
viously in tests using straight bentonite mud systems. (e.g. Test 002-
65% Aquagel - 20 psi ~ 120 ft/min. flow - a seal formed in top 10mm
within 1 minute which prevented any loss of filtrate beyond . 235 lilres)
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When the sample was removed and inspected, there was a build-
up of low permeability cakey material approximately 10mm above the
initial exposed face of the material. This cake layer was cohesive,
quite plastic and contained considerable quantities of the sand added as
a mud contaminant. The lower portion of the test cell had quantities
of sand and mud lying in it. However, the cake huild-up above the
sample was firmly attached to the sample and was considered to be
formed during the mud circulation period.

The cakey layer was disturbed by removing approximately one
square inch before the sample was remounted on the test cell. There
was no evidence of any internal sealing layer below the original sample
surface.

After being left under water for 17 hours, the material was quite
readily flushed through with water under low pressures. This was
expected since the cake build-up layer had been broken during inspect-
ion. Flushing was continued under a pressure of 20 psiuntil no
further improvement was noted.

The results of permeability testing after water flushing alone
were:

(exposed) Linear K¢ = 12 mm/min.
(Table 11.1, Figures 11.2b, 11.6)

Virtually no evidence of any seal at the surface is shown in
Figure 11.2b. An overall permeability reduction of 20% has occurred
over the sample material beyond the surface cake seal which had been
deliberately broken during inspection.

After P.B.D. treatment and further water flushing the material
was again tested for permeability.

(exposed) 0-216 mm Linear Ke = 10 mm/min
216-450 mm Linear Ke - 13 mm/min
(Table 11.1, Tigures 11.2b, 11.6)

The indicated permeability reductions were 33% and 13% for the
0-216 mm and 216-450 mm layers. If averaged over the entire sample
length the damage would be of the order of 23%.

Thus the P.B.D, treatment has achieved very little improvement
over straight water flushing in rehabilitating the material invaded by
the mud but beyond the actual wall cake seal.

When the sample was finally removed and inspected only patchy
remnants of a thick plastic cake seal were found above the face of the
sample. The remainder of the material appeared to be homogeneous.

P
st SN



Vi1i. 4
‘L\/[aterial 2

Porosity = 39%

. . . : 2
(original' Non-linear Ko = 1/a = 46 mm/min, b/a” = .022
{Table 11.1, Kigures 11.3a, 11.6
This sample of material 2 exhibited a far lower K, than the previous
tests.

See Table 11.2 and Figure 11.8. There was evidence of the
formation of a seal somewhere above tapping 1 during the test expos-
ure time. By the end of the test the seal was quite effective, account-
ing for a pressure drop of 9% metres of water head over the top 64 mm
of the sample.

The mud filtrate loss rate decreased in time and was less than
2 cc/minute after 80 minutes of exposure. Mud filtrate would have
penetrated the entire sample length after 40 minutes when the collected
filtrate volume was 1. 10 litres. The total collected volume was 1.31
litres.

The results of this test may be compared with test 010.  The
sandy mud used here produced a reasonably effective seal whilst the
pure Hydropol mud of test 010 did not effect much of a seal and mud
peneirated the entire sample after only 4% minutes.

The seal formed was still not as effective as those formed pre-
viously in tests using a straight bentonite mud system (tests 002, 003,
004) wherein the 10 mm thick internal seals formed within 1 minute
prevented any further losses of filtrate.

When the sample was removed and inspected, there was a build-
up of low permeability cakey material approximately 10 mm above the
initial exposed face of the material. This cake layer was cohesive,
quite plastic and contained considerable quantities of the mud contam-
inant sand. The lower portion of the test cell had quantities of sand
and mud lying in it. However, the cake build-up above the sample was
firmly attached to the sample and was considered to be formed during
the mud circulation period.

The cakey layer was disturbed by removing approximately one
square inch before the sample was remounted on the test cell. There
was no evidence of any internal sealing below the sample surface. The
remainder of the sample was visually homogeneous.

After being left under water for 17 hours the material was quite
readily flushed through with water under low pressures. This was
expected since the builtup sealing cake had been broken during inspect-
ion. Flushing was continued under a pressure of 20 psi until no
further improvement was noted.
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The sample was then removed and inspected again. The built-up
cakey layer was gone. Also the top 10 mm of the sample had been re-
moved. It is the author's opinion that the entire cake build-up layer
was removed en masse (taking the 10 mm of material below the sample
face with it) when the test cell was being filled with water after the
previous inspection. The cake layer when originally inspected was
seen to be quite plastic and could be expected to remain as a cohesgive
entity whether above or removed from the sample.

The sample was replaced and further water flushing carried out
before permeability testing the material.

2
(exposed) 0-318 mm Non-linear Ke=1/a=32 mm/minb/a” = .013
318-450 mm Non-linear Ke=1/a=39 mm /min,b/a = .013
(Table 11.1, ¥F’igures 11.3b, 11.6)

There was no evidence of any seal above tapping 1. There was graded
damage resulting in permeability reductions of 30% and 15% for the
0-318 mm and 318-450 mm portions of the material.

After P.B.D. treatment and further water flushing the material
was again tested for permeability.

(exposed) 0-318 mm Non-linear Ko = 1/a = 27 mm/min,b/a2 =, 008
318-450 mm Non-linear Ke = 1/a = 39 mm/minbh/aZ = .013
{Table 11.1, Figures 11.3b, 11.6)

The P.B.D. treatment had achieved no further improvement over
water flushing in the 318-450 mm layer which still showed damage of
15%. The material permeability of the 0-318 mm layer after P.B.D.
treatment was lower than after water flushing alone and prior to any
P.B.D. treatment. The final reduction in permeability in this 0-318
mm layer was 41%.

This apparent damage caused by the P.B.D. treatment was also
noted in all other tests using Hydropol mud. No explanation can be
offered by the author.

When the sample was finally removed and inspected, it appeared
to be homogeneous throughout. As previously noted, the top 10 mm
of the sample was missing.

}\_flaterial 3

Porosity = 38.5%

2
(original} Non-linear Ko = 1/a = 420 mm/min,b/a” = .13
(Table 11.1, Wigures 11.4a, 11.6)

See Table 11.2 and Figure 11.9. With time of exposure there was

o
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distinct evidence of the formation of a sealing layer somewhere above
tapping 1. This seal was quite effective by the end of the test, account-
ing for a pressure drop of 10 metres of water head over the top 64mm
of the sample.

The mud filtrate loss rate decreased with time of exposure and
was 5 cc/min. at the end of the test when the total collected filtrate
volume was 12,8 litres. Mud would have penetrated the entire sample
length in the first 1 minute of exposure.

The results of this test may be compared with test 010. The
sandy mud used here produced quite an effective seal whilst only minor
sealing occurred using the pure Hydropol mud of test 010.

The seal, once developed (in this test), was not as effective in re-
ducing further water loss as those seals formed with pure bentonite
muds in tests 003 and 004. However, the total filtrate volumes collect-
ed in tests 003 and 004 were greater than the 12. 8 litres passed in this
test.

A sand contaminated bentonite mud (tests 005 and 006 formed
very effective internal seals within the top 10 mm of the material with-

in + minute. These seals prevented any further loss of filtrate.

When the sample was removed and inspacted a distinct 2-3mm
thick internal sealing layer was evident in the top of the material. This
layer was plastic, cohesive and contained sand from the mud. There
was no external cake build-up above the sample face. The remainder
of the sample beyond the top 5> mm appeared to be homogeneous.

After being left under water for 17 hours the material could be
flushed through with water under pressure. However, the behaviour
with continued flushing was quite extraordinary. The pressure drop
across the top 64 mm of the sample was used as a measure of the
effectiveness of the 2-3mm thick seal which was found at the top of the
sample.

The seal appeared to be in an unstable condition. As flushing
continued under a pressure of 20 psi the geal underwent cyclic changes
of reforming and breaking down.

Consistent permeability test results were, however, readily ob-
tained for the remainder of ithe sample beyond the sealing layer.

Subsequent P, B, D, treatment and further water flushing did
nothing to alter the behaviour of both the sealing layer and the remain-
der of the sample, Water flushing alone was as effective as P.B.D.
treatment in rehabilitation of the sample.

The results of permeability testing after waler flushing alone and

Gesy o
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P.R.D. treatment for the material beyond the seal were:-

(exposed) 10-216 mm Non-linear e = 1/a = 340 mm/min,b/a% = .16
916- 450 mm Non-linear Ko = 1/a = 420 mm/min,b/a2 = .19
(Table 11.a, Figure 11.4b, 11.6)

Apparently the damage done to the material had occurred in a step
graded fashion.

For materials with b/a2 > 0.1 the reliability of extrapolating
non-linear equations (i = aV + bV2) as determined from only 3 points
to a value of permeability K = 1/a is very low. In this case a more
reliable estimate of damage was evaluated by comparing the hydraulic
gradients necessary to achieve flow velocities between 2000 and 3000
mm/min. Indicated reductions in permeability for the 10-216 mm and
216-450 mm layvers were 35% and 18% respectively (Frigure 11.6).

When the sample was finally removed and ingpected, remnants
of the 2-3mm internal seal were evident in patches over approximately
80% of the surface area of the sample. The remainder of the material
appeared homogeneous.

Material 4

Porosity = 39%

. . . 2
(original) Non-linear Ko = 1/a = 7500 mm/minb/a = 18
(Table 11.1, Figures 11.5a, 11.6)

Due to the high non-linearity indicated by permeability testing of
this original sample, the value of Ko = 1/a = 7500 mm /min.could be
seriously in error.

See Table 11.2 and Figure 11.10. With time of exposure there
was quite an effective seal formed somewhere above tapping 1. By the
end of the test this seal effectively accounted for a pressure drop of
10.6 metres of water head which was almost the total drop across the
entire sample length.

The mud filtrate loss rate decreased from an initial value of
approximately 4 litres/min. to only 5 ce/min. at the end of the test
when the total collected filtrate volume was 28.8 litres. Whole mud
would have penetrated the entire sample length within the first 3 min-~
ute of exposure.

The sand contaminated mud used here produced an effective seal
which is in direci contrast to the results of test 010 using a pure Hydro-
pol mud. In test 010 no seal was developed and a total of 296 litres
flowed through the sample in 40 minutes.
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In test 003 using a pure bentonite mud no scal was developed.

Very effective internal seals were formed in both tests 005 and
006 using sand contaminated bentonite mud systems. The seals de-
veloped within the top 10 mm of the samples within 1 minute of expo-
sure and were so effective as to prevent any further losses of filtrate
beyond 0.8 and 1 litre for tesis 005 and 006 respectively.

These seals were far more effective than the one developed in
this test using the sand contaminated Hydropol mud.

When the sample was removed and inspected a distinect 2-3 mm
thick internal sealing layer was evident in the top of the material. This
layer was plastic, cohesive and contained sand from the mud. There
were a few small patches of the seal which appeared more permeable
than the whole. There was no external cake build-up above the sample
face nor evidence of mud and sand in the test cell. The remainder of
the sample beyond the top 5 mm appeared to be homogeneous.

After being left under water for 17 hours the material was easily
flushed clean when pressure was appl ied. Only limited flushing was
necessary to achieve optimum rehabilitation of the sample.

The results of permeability testing after water flushing alone
were:-

(exposed) 10-114 mm Non-linear Ke = 1/a = 1400 mm/min. ,b/aZ=1.4
114-450 mm Non-linear Ke = 1/ = 1400 mm/min. ,b/a2=0.8
(Table 11.1, Figures 11.5b, 11.6

As shown in Figure 11.5b only a small trace of the 2-3 mm seal
formed in the top of the sample remained.

The subsequent P.B.D. treatment and final water flushing re-
moved all trace of the sealing layer. However, no further flow improve-
ment was obtained for the remainder of the material beyond the seal.

For this material b/a? — 0.1 and the reliability of extrapolating
the non-linear expression (i=aV+bV?2) as determined from only 3
points to a value of permeability K = 1/a would be very low. In this
case, an estimate of damage was more reliably evaluated by compar-
ing the hydraulic gradients necessary to achieve specified flow veloc-
‘ties of the order of 4000 to 6000 mm/min. When this was done
(Figure 11.6} the estimated permanent reductions in permeability for
the 10-114 mm and 114-450 mm layers were 60% and 43% respectively.

Final inspection of the material revealed only very small traces
of the distinet 2-3 mm internal seal previously noted as being formed
during mud exposure. The remainder of the sample was visually
homogeneous.
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Table 11.1

Test 011

Permeability testing of material samples.

Values of pressure (metres of water) as recorded at various positions

along the sample for a measured flow of water through the sample.

NS

Mater-| Flow Velocity Tapping No.
ial Rate Top | 1 | 2 | 3 [ 4 | 5
litres/ mm/ Position along sample from datum (mm)
min. min. 0 | 64 J114 1216 |318 [420
~ Material Tests before Exposure to Drilling Mud
1 2.88 448 13.45 [11.85 |10.15 [7.12 |3.91 | 1.07
2.02 314 9.25 8.13 | 7.00 [4.92 |2.71 .16
0.82' 128 3.82 3.49 | 2.99 [2.08 |1.20 .32
2 6.56 1021 14.06 [12.04 [10.27 |7.25 13.72 .82
4,65 723 9.17 7.88 | 6,74 [4.73 $2.33 51
2.21 343 3.82 3.41 1 2.90 [2.08 11.07 286
3 30.15 4687 13,91 [12.48 [11.03 18.13 {5.48 2.71
22.56 3507 8.94 7.88 | T7.00 [5.11 13.34 1.58
14.18 2205 4.20 3.8t | 3.34 |2.40 |1.54 .63
4 47,37 7364 11.62 |[10.90 | 9.96 {8.32 |6.688 | 4.73
37.66 5854 7.80 7.31 | 6.68 |5.61 |4.48 | 3.09
26.55 4127 3.97 3.78 | 3.47 (2.90 |2.27 1.52
Material Tests after Exposure to Drilling Mud
Initial Flushing - Water only
1 2.21 343 13.83 [11.09 | 9.77 |6.56 |13.59 | 0.95
1.46 227 9.40 7.44 | 6.56 |4.41 {2.40 | 0.63
0.58 90.2 3.67 2.90 | 2.52 |1.70 {0.95 | 0.26
2 5.26 818 14.06 12.16 [10.15 [7.00 | 3.41 | 0.78
3.64 566 9.33 8.13 | 6.87 {4.73 12.33 | 0.57
1.84 286 4.28 3.78 | 3.22 12.21 {1.07 | 0.26
3 18,75 2915 14.68 7.63 | 6.62 |4.54 | 2.84 1.20
13.39 2082 9.33 4.60 | 3.97 |2.71 | 1.64 | 0.63
7.11 i105 3.59 1,77 1.52 11.01 (0.57 | 0.19
4 36.14 5619 11.69 9.52 | 8.26 16.37 [4.73 2.96
28.75 4470 7.80 6.24 1 5.42 |4.16 | 3.09 1.96
20.48 3183 3.97 3.34 | 2.90 12,21 1 1.58 1.01




Table 11.1 Test 011 (cont'd.)

Mater< Flow | Velocity Tapping No.

ial Rate Top | 1 2 | 38 | 4 | 5
litres/ mm/ | Position along sample from datum (mm)
min. min. 0 |64 114 | 216 | 318 | 420

Material Tests after Exposure to Drilling Mud

Final Flushing - P.B.D. Treatment and Further Water Flushing

1 2.29 356 14.37 |11.66 [10.08 | 6.49 3.47 .89
1.59 2417 10.01 | 8.13 | 7.06 | 4.54 2.40 .63

.56 87.3 3.60 | 3.092 | 2.65 | 1.70 .89 .25

2 4.80 746 13.68 }11.97 | 9.89 | 6.62 3.22 .70
3.15 490 8.48 | 7.44 | 6.18 | 4.16 1.96 44

1.63 253 3.90 | 3.59 | 2.96 | 2.02 .95 .18

3 16.00 2487 14.06 | 6.56 | 5.74 | 3.91 2.40 .95
12.35 1919 9.48 1 3.97 | 3.47 | 2.40 1.45 51

7.28 1132 4,591 1.83 | 1.64 | 1.07 .70 .19

4 38.05 5916 11.85(10.02 | 8.76 | 6.81 5.11 3.28
30.00 4664 8.03] 6.74 | 5.86 | 4.54 3.34 2.15

20.98 3261 4.13] 3.53 | 3.09 | 2.33 1.70 1.07




Table 11.2 Test 011

Sample behaviour during time of exposure to drilling mud.

Pressure (metres of water)

EASEY

Material] Time} Filirate Tapping No.
(min-| Volume {Top |1 2 | 3 | 4 | 5
utes) | (litres) | Position along sample from datum (mm
0 64 114 216 318 420
1 3 .185 16.00[1.96 [ 1.20 | .70 | .44 32
1 .24 6.60
2 .26 7.001120 .32 .19 19 07
5 .33 9.10 | 1.70 44 .19 .19 .19
10 .43 9.0
to 3.47 |1.45 .19 19 19
19.0
20 .645 13.0 {5.23 |3.59 .82 19 19
40 .815 11.40 [4.10 }2.59 }1.20 .32 .32
60 .88 10.70 [ 2.46 {2.08 {1.07 19 .19
90 .94 10.70 | 2.40 |1.96 ]1.07 .32 07
110 .985 10.70 {2.40 |1.96 |1.20 .44 .07
2 3 .305 10.0 |[3.72 |1.58 | .32 .19 .07
1 .32 6.6
2 .355 7.0 1.58 .82 .18 .07 .07
5 .45 9.1 1.96 { 1.07 } .19 07 07
10 .575 9to (4.10 {3.34 | .70 .07 07
19
20 .86 13.0 |2.46 | 1.96 |1.26 32 07
40 1.10 11.4 1.96 | 1.45 .95 .44 .07
60 1.18 16.7 1.33 | 1.07 S0 19 07
90 1.26 10.7 | 1.07 .82 .51 .26 .07
110 1.31 10.7 .95 .82 51 .26 .07
3 5 1.0 1¢.0 6.74 | 5.61 | 2.84 .82 07
1 1.2 6.6
2 1.3 7.0 3.34 | 2.96 | 1.96 |1.07 07
5 1.8 8.1 3,59 | 3.09 | 2.21 |1.33 .44
10 2.85 9to 8.38 | 7.50 [ 5.36 |3.09 .95
- 19
20 7.25 13.0 4,35 [ 3,72 12.711 i.70 .44
40 11.8 11.4 2.46 | 2.08 |1.58 .95 .32
60 12.4 10.7 .82 LT RN 32 .19,
90 12.7 10.7 D7 44 .32 .19 07
110 12.8 10.7 51 44 | .32 19 .07
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Table 11.2 Test 011 (cont'd.}

Pressure (metres of water)

Material] Time | Filtrate Tapping No.
(min- | Volume | Top | 1 | 2 3 [ 4 1 5
utes) | (litres) | Position along sample from datum {(min)
0 64 114 216 318 420
4 5 2.0 10.0 | 4.60 | 3.97 | 3.09 | 1.83 | .70
1 2.5 6.6
2 3.0 7.0 2.33 2.08 | 1.58 | 1.07 44
5 5.0 9.1 2.21 1.83 1.33 .95 .32
10 8.1 9 to 4.22 3.72 1 2.71 1.83 .95
19
20 18.9 13.0 1.96 1.70 | 1.33 .82 .32
40 27.6 11.4 1.33 .82 70 .19 .07
60 28.5 10.7 .44 .32 .32 .19 .19
90 28.7 10.7 .13 .07 07 .07 0
110 28.8 10.7 .13 .07 .07 .07 0
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