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ABSTRACT

Sand production in oil wells in high porosity. poorly consolidated heavy oil
reservoirs is a multimillion dolar problem. The consequences of sand production result in
several deleterious effects on well operation and in increased operating costs. The wide
range of geologic formation and well operation factors influencing sand production has
caused difficulty in identifying the critical mechanisms of sand production and their
influences. Fundamental knowledge of the mechanisms of sand production at well casing
perforations is necessary to optimize heavy oil production straiegics.

A laboratory testing program utilizing a visualization model was conducted to
provide a better understanding of the processes occurring at the perforation during sand
flow or nonflow. The objectives of the testing program were to determine the mechanisms
of sand flow into and through well-casing perforations and to evaluate the processes which
govern sand arching or plugging at the perforations. The effects of sand particle size,
casing perforation diameter, shape and roughness of perforation opening, sand porosity,
sand confining stress, flow conditions through sand and perforations and capillary
cohesion between two fluids in a sand were examined experimentally.

The results of this testing program were analyzed to determine the relative
significance of the various variables that affect sand production. It was found that hcavy
oil formation sand, with only one fluid present, would not arch over or plug ficld size
perforation openings. However, increased confining stress results in decreased sand flow
rates and the presence of a high enough confining stress may be able to prevent sand flow.
Furthermore, capillary cohesion between two fluids in a sand, such as gas and water, gas
and oil or oil and water results in the formation of sand arches over perforaticn openings.
The capillary cohesion at various saturations was quantified using fall-cone and dircct shear
tests. The fall-cone provided relative measures of capillary cohesion while the dircct shear
tests provided absolute measurements. The other variables investigated had no or small

effects on sand arching compared to the effect of capillary cohesion and confining stress.
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1. Introduction

1.1 Statement of Problem

The majority of heavy oil reservoirs in Alberta and Saskatchewan are in high
porosity, poorly consolidated formations. A plan view of Alberta and Saskatchewan
indicating the location of heavy oil reservoirs is provided in Figurc 1-1. A muliimillion
dollar provlem and a seemingly unavoidable consequence of oil production in these
reservoirs is sand production. Sand production results in lost production, workovers,
cleaning and disposal of waste solids, accelerated equipment wear and damage, flow line
erosion, formation disturbance and casing damage. These cccurrences result in
significantly increased operating costs. Factors influencing sand production include virgin
formation characteristics, production effects, drilling effects, completion effects,
bottomhole effects and production systems and practices. The wide range of possible
factors influencing sand production has caused difficulty in identifying the critical factors
and their influence.

The heavy oil deposits of Alberta and Saskatchewan can be classified as (1)
reservoirs capable of primary production for a 2 o 3 year period before enhanced oil
recovery methods are necessary and (2) reservoirs which requirc enhanced oil recovery
from the outset (Chalaturnyk et al., 1992). Figure 1-2 shows the geologic formations of
these reservoirs in northeastern Alberta. It has been observed that primary heavy oil wells
are often more prolific sand producers than their thermal counterparts. Primary heavy oil
wells average 2% to 3% sand by bulk volume (including voids in scttled sand) with a
maximum of up to 60%. Thermal wells average less than 1% sand. Typical wells, over
their primary production life, can produce on the order of 500 to 60¥) m3 of sand, with

some wells producing in excess of 1000 m3 (McCaffrey, 1990).



It has been shown (McCaffrey, 1990) that sand production enhances reservoir oil
productivity. Sand productioi 1s now viewed as an additional drive mechanism and
encouragement of sand production is looked upon positively. This production, however,
leads to issues regarding sand disposal and casing integrity. Thus, fundamental knowledge
of the mechanisms of sand production is necessary to design an "optimized" production

strategy which "manages” sand production (Chalaturnyk et al., 1992).

1.2 Objectives and Scope of Research

This study was undertaken to investigate the mechanisms of sand flow at well
casing perforations. Communication between the interior of a well casing and a reservoir is
established by forming holes through the well casing and surrounding cement. These holes
are referred to as well casing perforations. This can be done with shaped charges which
perforate the casing and cement or with abrasive fluid jets which cut slots through the
casing and cement. With both methods, discrete horizons within the formation can be
selectively accessed to produce the richest pay or to avoid water saturated zones. A cross
sectional view of a typical well is provided in Figure 1-3. The well casing is placed into the
hole drilled in the formation and is surrounded by cement which provides intimate contact
between the casing and formation. The production tubing in placed inside the well casing.
Well casing perforations pass through the casing, cement and into the formation in order to
allow flow into the well casing.

The major part of this testing program utilized a visualization model to provide a
better understanding of the processes occurring at the perforation during sand flow or
nonflow. Such a laboratory model provides a small scale simulation of flow through a
perforation with controlled stress and pressure boundary conditions and a simple geometry
which accommodates interpretation of the laboratory experiments. Similar but less ideal

conditions may occur under actual wellbore conditions. At the perforation, the sand may
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either arch or bridge over the opening, plug in the hole tirough the cement and casing. or
flow through the perforation. The purpose of the study can be summarized into the

objectives listed below:

* Determine the mechanisms of sand flow into and through well casing

perforations using laboratory models

* Evaluation of the processes which govern sand arching or plugging at well

casing perforations

The research concentrated on the development of a laboratory visualization model
which was used to investigate the mechanisms of sand flow at well casing perforations. A
lengthy and complex testing program was required to study all the factors related o
formation and reservoir characteristics and completion and production practices. The scope
of this study was limited to the examination of the variables considered to be the most
prominently involved in the mechanisms of sand flow or nonflow at well casing
perforations. The effects of the following variables were examined:
* Sand particle size and perforation diameter
» Shape and roughness of perforation opening
* Sand porosity
* Confining stress
* Flow conditions through sand and perforations
* Capillary cohesion between two fluids in a sand:
- gas and water
- gas and oil

- o1l and water
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Over 120 tests were performed using the visualization models. These and other related

tests allowed qualitative and quantitative measurements that have led to the evaluation of the

effect of the variables listed zbove.

1.3 Organization of Thesis

A literature review of work done previously by other researchers regarding sand
production at well casing perforations is presented in Chapter 2. Provided is a brief review
of previous laboratory apparatus used to investigate sand production. As well, theories and
analytical methods employed during previous research regarding sand production are
explored.

Chapter 3 details the laboratory apparatus and procedures used during this research
program. Firstly, a description of the sands used in the testing program is presented. The
procedures used during geotechnical characterization tests performed on these sands are
specified. The results of these tests are summarized and the use of these values later in the
thesis are identified. Next, detailed descriptions regarding the components of the
visualization models are provided along with the reasons governing the design of the three
visualization models used in this study. As well, the preparation and testing procedures
adhered to when using the visualization models and for the capillary cohesion tests are
described.

The results of the laboratory tests using the visualization models and the tests for
capillary cohesion are summarized in Chapter 4. Chapter 5 includes a discussion of the
experimental results as well as comparisons of the results with previous data. The relative
signiticance of the variables that affect sand production studied in this project are assessed.
Conclusions, based on the experimental findings, are drawn and presented in Chapter 6.

This final chapter of this thesis also includes recommendations for future research.
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2. Literature Review

2.1 Fundamentals of Arching

Several studies of sand control for oil wells have been performed and documented
in the literature. A review and suminary of the work done previously concerning sand flow
mechanisms at well casing perforations and related subjects was compiled. In order to
explain what a well casing perforation is and how it is created, a brief description of the
procedures followed during drilling of a well, subsequent well completion and creation of
well casing perforations is provided below. The hole is drilled with a drilling fluid, usually
composed of a slurry of fresh watcr and bentonite clay. These are generally termed gel
chem drilling systems. The density of the drilling mud is adjusted by adding more or less
clay to balance the formation fluid pressure to ensure that gas does w0t escape from the
reservoir and flow to the surface. The mud also serves to clean the drill cuttings from the
well. Drilling mud forms a filter cake on the borehole wall which acts as a low
permeabtlity membrane between the drilling mud and the formation fluid. The drilling mud
pressure acting on this membrane tends to support the borehole wall, thus reducing
borchole yielding.

Following drilling, stecl casing is run in the hole to provide long term support for
the borehole wall. Cement is injected behind the casing io ensure intimate contact between
the casing and formation. This serves two purposes: (1) it provides better support for the
formation, and (2) it creates 2 seal between the formation and the casing to prevent
communication along the wellbore to formations uphole. Carc must be taken that the
wellbore does not provide a pathway for hydrocarbons and saline reservoir fluids to
migrate up into potable water aquifers or to the surface.

Communicaiion between the interior of the casing and the reservoir is established

by forming holes through the casing and cement. These holes are referred to as well casing



perforations. This can be done with shaped charges which perforate the casing and cement
or with abrasive fluid jets which cut slots through the casing and cement. With both
methods, discrete horizons within the formation can be selectively accesscd to produce the
richest pay or to avoid water saturated zones. A cross sectional view of a typical well is
provided in Figure 1-3.

Research performed by others on the subject of sand contrel for oil wells has been
approached from several different aspects. The fundamentals of arching behavior, which is
a key component in behavior of sand over a perforation was first described by Terzaghi
(1943).

Terzaghi provides definitions of arching in ideal soils. He states that if part of the
suppori of a soil mass yields, t*e soil on the yielding support moves between adjacent
stationary masses of the soil. There is a shearing resistance between the yiclding and
stationary masses of soil which opposes the relative movement within the soil mass. The
shearing resistance tends to keep the yielding mass in its original position. Thus, it reduces
the pressure on the yielding part of the support and increases the pressure on the adjoining
stationary part. Transfer of pressure from a yiclding mass of soil onto adjoining stationary
parts is called the arching effect. Soil is said to arch over the yielding part of the support.
Terzaghi further states that arching is maintained solely by shearing siresses in the soil and
that it is no less permanent than any other state of stress in the soil which depends on the
existence of shearing stresses. As well, external influences can be expected 10 reduce the
intensity of existing arching effects. The most important influence of this type are
vibrations.

Terzaghi (op cit) describes the state of stress in the zone of arching for the case of
arching in an ideal sand duc to the iocal yield of a horizontal support. The lowering of a
horizontal support (in Terzaghi's work a plane strain strip was used) from a bed of sand
causes the sand located above the strip to follow. Frictional resistance along the boundaries

between the moving and the stationary mass of sand opposes this movement. Terzaghi
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stetes that, as a consequence, the total stress on the yiclding strip decreases by an amount
equal to the vertical component of the shearing resistance which acts on the boundaries and
the stress on the adjoining stationary parts of the support increases by the same amount.
The transfer of part of the weight of the sand located above the yielding strip onto the
adjoining masses of sand constitutes the arching effect.

Terzaghi provides a detailed explanation of a theory of arching that assumes
surfaces of sliding normal to and at the outer edges of the strip and that the pressure on the
yielding strip is equal to the difference between the stress of the sand normal to the strip
and the full frictional resistance along the surfaces of sliding. From this explanation and
other investigations, he concludes that the stress on a yielding strip is almost independent
of the staie of stress which exists in the sand normal to the strip at a distance of more than
two or three times the width of the strip.

He also provides detailed definitions of arching and descriptions of the state of
stress of an arch within a soil mass. However, these explanations deal with ideal soils
which are assumed to arch over a yielding support. Terzaghi does not include the
conditions necessary to initiate arching in a soil over an opening such as grain size to width
of opening ratio, cohesive and frictional shear strength of the soil mass or confining stress.
As well, the influence of fluid flow conditions through the soil and the opening is not
discussed. To address the influence of these and other variables on the conditions required
to initiate arching and on arch stability requires further investigation.

The work of Hall and Harrisberger (1970) is an in-depth look at the mechanical
processes of failure of the sand structure around a perforated well casing and the factors
that affect the stability of the formation sand. This work proved to be a sound basic study
that provided direction to subsequent research projects. T+ fi~id of powder mechanics
also provides valuable insights (Brown and Richards, 1970). The results and conclusions
from the various literature sources have been summarized with respect to the influence of

the variables which affect sand produciion in oil wells. These variables include sand
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particle size and perforation diameter, confining stress, flow conditions through sand and
perforations and capillary cohesion. Descriptions of experimental apparatus and testing

procedures are also included in the literature review.

2.2 Influence of Sand Particle Size and Perforation Diameter

Hall and Harrisberger (1970) provided an explanation of the mechanisms of
unconsolidated sand failure and studied the arching behavior of sand. They attempted to
qualitatively determine the conditions required to form and maintain an arch over an
opening at stresses greater than 760 kPa (110 psi) using their arching apparatus. A
schematic drawing of their arching test apparatus is presented in Figure 2-1. A cylindrical
chamber having 95.25 mm (3.75 inch) inside diameter, was used to confine the sand
sample. A hydraulic jack was used to vertically load a piston fitted into the cylindrical
chamber. The perforation or "trap door"” was 11.1 mm (7/16 inch) in diameter and was
located in the center of the chamber floor. Fluid could flow upward or downward through
the chamber. The arching test apparatus was designed so that the sand depth was less than
half of the chamber diameter. These dimensions were to ensure that almost the entire axial
stress applied by the piston was applied to the chamber floor and trap door. They felt that
little or no stress would be transferred to the side walls by friction using this configuration.
A sand depth of 44.5 mm (1.75 inch) was used. With the sand depth four times the trap
door diameter, it was felt that the full arching effect should be developed. The purpose of
the arching iest apparatus used by Hall and Harrisberger was to qualitatively observe arch
formation by the sand when the trap door is removed and evaluate arch stability to fluid
flow or changed loading.

They describe general test procedures using their arching test apparatus. The sand
was compacted by holding a vibrating-tool against the side of the cylinder, while the sand

was loaded under the weight of the piston. They assumed a medium-dense packing as the
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sand porosity was not measured. The hydraulic jack was used to apply the axial stress and
the trap door was lowered carefully and removed. The result was observed to be either the
formation of an arch or the production of sand. One limitation of their arching test
apparatus is that it was not possible to visually examine the sand inside the arching test
apparatus. Thus, the nonflow of sand out of the apparatus was considered to show the
formation of an arch and the flow of sand was considered to be production of sand. Some
tests involved load increases to cause arch failure, while other tests were subjected to a
fluid or fluids flowing in or out to determine the stability of an established arch.

Hall and Harrisberger (op cit) performed arching tests using angular and round
sand under dry conditions. They observed that a 10-20 mesh angular sand, under no
confining stress, formed arches of slight stability or not at all at a grain diameter to width of
opening ratio of 1:9.4. They also observed that rounded, 20-40 mesh and 80-100 mesh
sand, under no confining stress, would not arch at grain diameter to width of opening
ratios of 1:20 and 1:68, respectively. The results of Hall and Harrisberger are provided in
Tablec 2-1.

Selby and Farouq Ali (1988) discuss the results of laboratory experiments
investigating the mechanics of the movement of fines and sand flow into the wellbore.
Experiments were performed in a radial flow model simulating a wellbore and the
surrounding formation. They determined that sand production is affected by the
overburden pressure applied, the flow rate and the size and shape of sand grains.

The model used by Selby and Farouq Ali was designed to simulate a wellbore and
the surrounding formation under various overburden loads. The model consisted of a
stainless steel cylindrical cell, with a height of 17.7 cm and a diameter of 20 cm. A
perforated tubing 1.3 cm in diameter was fitted in a hole drilled in the center of the cell
bottom. Two flow inlets were located at the outer walls of the cell, and the inner cell walls
were lined with a sintered sheet to allow radial flow into the tubing. Overburden pressure

was applied using a Enerpac hydraulic press. Overburden pressures were kept constant by
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adjusting the load with a manual air pump. Distilled water was used as the saturation and
flowing fluid. Ottawa sand with a nominal grain size range of 111 10 187 um (70 to 140
mesh), silica 187 to 369 um (40 to 70 mesh), and glass beads 119 to 175 um (80 to 120
mesh) or 44 1o 99 um (170 to 325 mesh) were used to pack the cell.

Regarding sand grain size, when no overburden stress was applied, sand arches
formed using both the fine and medium sand, although sand production was highcr when
smaller sand grains were employed. Experimental results also show that no sand arches
were formed in experiments conducted using spherical glass beads. They concluded that
more sand is produced from spherical. small-grained packs than from angular, large-

grained packs.

2.3 Influence of Confining Stress

Hall and Harrisberger also investigated the influence of confining stress on sand
production using the equipment described in Section 2.2. They observed that a confining
stress of 3500 kPa applied to fully gas saturated, 10-20 mesh angular sand improved arch
stability at a grain diameier to width of opening ratio of 1:9.4. They prcsumed the incrcase
in arch stability was due to better interlocking of the surface grains. However, a confining
stress of 14 MPa caused fzijure of the angular sand due to grain crushing. They also
observed confining stresses of up to 14 MPa could not induce arching in fully gas
saturated, rounded 20-40 mesh and 80-100 mesh sand at grain diameter to width of
opening ratios of 1:20 and 1:136, respectively.

They also looked at the effects of very high confining stress. Water moistened 20-
40 mesh rounded sand formed an arch that remained stable to the maximum loading
capacity of the apparatus, 23 800 kPa. However, dry and water moistencd 8-12 mesh
angular sand failed due to grain crushing at confining stresses of 13 500 kPa and 14 500

kPa, respectively. A wider particle range, 30-250 mesh angular sand failed by crushing at
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11 700 kPa. The same sand under water moistened conditions did not fall through the
perforation as the maximum confining stress of 23 800 kPa was applied. Hall and
Harrisberger state that the sand did crush, but the crushed material remained in the
apparatus.

Suman (19785) presents two methods for controlling wellbore stress state in order to
stabilize unconsolidated sands. The first is the application of elevated drilling fluid weight
to prevent dilation or crushing of sand grains surrounding the wellbore. Instabilities
resulting from such formation failure would be expected to increase the likelihood for sand
production. The second method suggests that there is an elevated range in stress state in
which stable sand arches will form over perforations and permit unrestricted production
flow rates from many wells without sand production. This method uses one or more
inflatablc external packer(s) opposite the interval(s) to be perforated, for establishing and
maintaining the proper stress state for stable sand arches. Suman found support for these
concepts is provided through interpretation of sand arch experimentation, considerations of
the state of stress at the wellbore face and general field observations. Suman used the
results of Hall and Harrisberger (1970) to extract all possible indicators regarding arch
stability as a function of load.

Suman goes on to describe the effect of well depth on arch load. The following
would be expected as a general function of well depth: (1) formation sands surrounding
boreholes drilled to an extremely shallow depth would either not arch over the perforations
or would form tenuous arches. Sand could readily flow (roll and slide) through the
perforation, (2) at intermediate depths, flow rate sensitive arches would form. Sand
production would depend on rate of flow and restraint provided by interfacial tension and
sand angularity. Arch failure would result in rolling and sliding of sand through the
perforation, (3) somewhat deeper, the arch load may be sufficient to provide for high rates
of fluid flow without failure, and (4) for a given sand quality, arch load may reach the level

where arch failure through grain crushing will occur. However, due to the reservoir of
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formation material, arch loading may be self-adjusting shifting to a lower but stable arch
load. This type of situation could account for trace sand production noted in wells. Suman
notes that the above descriptions correspond in general with field expericnce.

Cleary et al. (1979) investigated the effect of confining stress and fluid propertics
on arch stability in unconsolidated sands. They state that the mechanism of sand
stabilization around a wellbore is the formation of sand arches across a perforation
opening. Hence, they recorded sand instability at the moment of failurc of sand arches.
Overburden stresses of 1.7, 5.2, 10.4, 15.5 and 20.7 MPa were uscd. Fluid saturations
consisted of an irreducible water phase and liquid hydrocarbons. The hydrocarbon fluids
were kerosene and mineral spirits. The sand used was Gopher State 20-40 frac sand.

Cleary et al. thought that sand flow into a wellbore is generally a function of one or
more of the following factors: (1) fluid drag associated with high oil viscositics, (2) fluid
drag due to high fluid velocity, (3) skin buildup (reduction of permecability due to fines
buildup) around the wellbcre, (4) rate surges, (5) changing loading conditions around the
wellbore due to pore pres:;ure changes, and (6) the destruction of cohesive forces between
the sand grains due to phase changes or changing saturations around the wellbore.

The apparatus used by Cicary et al. as a sand cell was a pressure vessel 221 ¢cm
long and 76 cm in diameter. The sand pack was 134 cm long and 41 ¢m in diameter. The
pressure vessel contained two plexiglass viewing ports. Within the cell, a length of
semicircular 10.2 cm casing was machined through the ports. The perforation was drilled
through the viewing port and was 27.9 cm long. The cell had 5 oil inlets and a maximum
34.5 MPa (5000 psi) grain to grain stress in the sand pack. However, the large side
friction developed by the stressing of a long cylindrical sand pack diminishes the magnitude
of applied stress at the center of the sand pack. Strain gauges were placed opposite the
perforation and flow rate was measured with a differential pressure transducer. Stresses,
inlet and outet pressures, flow rate, cavity size, arch restabilization and water production

were continually monitored and observed.
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They concluded that arch structure is a function of the stress distribution of the sand
pack. Also, maximum arch size and stability are found to be a function of confining stress.
Arch size decreases with increasing confining stress. They also observed that arch stability
increases with increasing horizontal and vertical stress. As well, the most stable vertical
arches form when horizontal stress is at a maximum and vertical stress is a minimum.

Selby and Farouq Ali (1988) investigated the influence of confining stress using the
experimental setup described in Section 2.2. They determined that when no overburden
stress was applied, sand forms arches for both the fine and medium sand, although sand
production was higher when smaller sand grains were employed. At low overburden
loads, arches occurred in all tests conducted using angular sand. At high loads, no arching
was noted using fine sand and unstable arches were formed using the larger sand. They
concluded that sand production increases as the overburden pressure increases and that

arching of the sand occurs at low overburden stresses.

2.4 Influence of Flow Conditions Through Sand and Perforations

Hall and Harrisberger (1970) performed tests which used air as a flowing fluid
through dry sand. They found that 10-20 mesh dry angular sand under a load of 3500 kPa
formed an arch over a 11.1 mm diameter perforation. The arch remained stable when a
slow outward air flow was applied, but failed when a faster flow was used. Outward air
flow is defined as flow downwards through the sand and out the perforation. They also
observed that 20-40 mesh and 80-100 mesh rounded sand that previously did not exhibit
arching, was able to form arches when air was drawn in against the falling sand grains.
Arches would fail and reform as air flow was decreased and increased. The confining
stress was increased to 13 800 kPa without causing arch failure. Hall and Harrisberger
concluded that the drag force on the surface of the grains gave enough restraint to initiate

arching.
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Stein and Hilchie (1972) presented a method to estimate critical fluid production
rates possible without using sand control techniques. Critical flow rates are defined as
limiting flow rates above which troublesome sand production is expected. Stein and
Hilchie state that the strength of a hydrocarbon bearing sand can be represented by a
Coulomb line of failure as shown in Figure 2-2. The two contributions to the strength of
the material are friction between sand grains and cohesion between adjoining grains.
Cohesion is made up of mineral cementation between adjoining sand grains and capillary
forces generated by interstitial water in hydrocarbon producing formations. It has been
shown that interstitial water can generate tensile strength in uncemented granular material
(Rumpf, 1961).

Stein and Hilchie provide an explanation for arch formation over a single
perforation. Production through a perforation can exert a high enough total force on the
sand adjacent to the perforation to cause some sand production. The cavity will grow
spherically until the arch has a sand face with an area sufficient to resist the fluid gencrated
force with enough cohesion remaining to stabilize the arch under formation load conditions.
Mineral cementation would allow for a smaller arch to be formed. Stein et al. (1974)
present theoretical techniques utilizing sonic and density logs for estimates of maximum
sand free production rates from friable formation sands. They feel these techniques would
be a good estimate to determine if sand control is required in a well.

Tippie and Kohlhaas (1973) conducted an investigation of fluid flow rate effect on
arch formation and stability. They point out that in a well completion, sand at a perforation
is unstressed and most of the reservoir is stressed duc to overburden load. Sand
production is prevented by arches that form over each perforation and stabilize the sand.
The failure of these arches results in sand production and therefore conditions necessary for
formation, stability and failure of these arches arc of great interest.

They modeled the region near a perforation in a well completed in an

unconsolidated sand reservoir with a semi-cylindrical sand pack confined in a test cell. The
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cell was designed with a screen inlet for radial fluid flow at the outer radius and with a hole
(perforation) at the inner radius wall (casing) for a fluid outlet. Overburden load was
applied with a diaphragm on top of the pack. The flat front face of the cell could be
removed for visual examination through the lucite casing of the sand pack in the vicinity of
the perforation. A well sorted, medium grain, clean Gopher State 20-40 mesh frac sand
was used. Tippie and Kohlhaas flowed fluid radially through a sand pack which was
loaded vertically to simulate overburden pressure. Flow rates were increased gradually
until sand flowed. The arch was then observed. The flow was restarted at a low rate and
gradually increased until sand production occurred. They observed arches that were
approximately ellipsoidal in shape wnd in most tests an irregular cavity containing loose
sand was observed. In all tests, the perforation was located at the bottom of the cavity and
arch. The growth of the arch was vertically upward along the casing.

Tippie and Kohlhaas report that in most cases, arches fail when the pressure drop
across the sand suddenly increases. This results in the production of large amounts of
sand. Eventually, sand free production would return. They note that the pressure drop at
this time would be less than before the sand is produced even though a constant rate is
maintained. They state that flow rate influences arch size and stability. As well, the
producing characteristics of unconsolidated sand reservoirs can be significantly affected by
flow rates. They also observed that smaller arches are more stable and allow a high fluid
viscosity to be reached before failure. Gradual rate increases result in higher sand free
production when compared to sudden increases to full rate. As well, fines migration
contributcs to instability and failure of arches.

Tippie and Kohlhaas (1974) also examined variation of skin damage with flow rate
associated with sand flow or stability in unconsolidated sand reservoirs. The same
equipment referred to above in Tippie and Kohlhaas (1973) was used. Tippie and
Kohlhaas (1974) determined an association between fines migration and skin effect change

with sand instability.
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Bratli and Risnes (1981) analyzed the stress due to fluid flow in the sand arches
formed behind perforation openings on the basis of a theoretical model. Their examination
of the effect of flowing fluids through sand arcies resulted in a criteria describing the
stability and failure of the sand. They also studicd the arching phenomena in the
laboratory. They found that the laboratory experiments qualitatively reproduced the
theoretical results.

The laboratory model used by Bratli and Risnes (1981) consistcd of a steel cylinder
with a central hole in the bottom to simulate a perforation. The inside diamcter and height
of the cell were 19 and 38 cm, respectively. The wali thickness was 2 cm. The cylinder
was filled with unconsolidated sand and compressed vertically by a piston to simulate
overburden. Four fluid inlets were spaced equally around the circumference. 22 cm above
the bottom of the cell. Fluid was introduced at the top beneath the piston, through the fluid
inlets, spread over the total area by a multi-wrapped wire screen, and forced through the
sand pack. Bratli and Risnes used air as the flowing fluid during their experiments. The
flow rate was varied with a standard pressure regulator. The sand was filled in the cell in
layers 2 to 3 cm thick. Each layer was worked thoroughly to get a good packing. During
the filling operation, excess water was used to ensure that the sand pack was 100% water
saturated. Before performing an arching experiment, the water saturation was reduced by
applying a small pressure differential and draining the fluid through a permeable bottom
plug. It was assumed that water saturation was near the irreducible water content.
Porosity and water saturation were calculated from water volumes used during filling and
measured when draining.

In an arching experiment, the flow rate was increased steadily until a small amount
of sand was produced suddenly. Further increase of the flow rate could be made without
incident before a new lump of sand blew out. This repeated itself several times (5 to 10)
until the rest of the sand in the cylinder suddenly flowed out. During an arching

experiment, the flow rate was increased and upstream fluid pressure observed. The outlet
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pressure was kept at atmospheric pressure. At each increase in flow rate, the sand weight,
if there was any sand production, was measured. The two sands used in experiments were
20-40 mesh Ottawa sand and 80-100 mesh crushed quartz.

Initial experimental conditions are summarized in Table 2-2. The basic pattern of
arching was always the same. The flow rate could be increased steadily until a small
amount of sand was produced suddenly. The flow could be increased further without
incident until a new amount of sand broke loose. This repeated itself several times until the
sand pack broke down suddenly and the sand came pouring out of the opening.

The arches formed were stable in tne sense that the flow rate could be redu:ed to
zero and increased to its former value several times without affecting the arch stability. The
flow rate could also be held constant for hours without causing significant changes. To
find the shape of the cavities formed, experiments with the 80-100 mesh sand were
repeated and stopped before the total collapse was reached. Gypsum was then injected
through the opening. The cavity profiles obtained show that the cavity grows behind the
opening, both in width and depth. The flowlines in the sand will converge into the upper
part of the cavity, while there will be no fluid flow in the sand around the lower part of the
cavity. The cavity, therefore, may be regarded as consisting of two parts. The upper part
which is subjected to the fluid drag forces forms an approximately hemispherical arch,
while the lower part acts as a conduit to the opening.

Bratli and Risnes presented a theoretical model concerning the stability of sand
arches. To deal with the stability of sand arches, the stress distribution in the sand must be
known. These stresses will depend on the principal stresses in the material, the fluid
pressure and flow rate, the geometry of the arch, and the stress strain relations in the
material. A detailed explanation of the theoretical model is provided by Bratli and Risnes
(1981).

They established theoretically that two different modes of failure with increasing

flow rate exist: collapses of thin inner shells and total collapse of the material. Initially, a
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stable arch is formed. Then, thin inner shells collapse to form stable new arches. This
takes place several times before total collapse occurs and massive sand production ensucs.

Risnes, Bratli and Horsrud (1982) applied the Bratli and Risnes (op cit) theory for
stability and failure of sand arches to actual well test data. The formation tested was a
poorly consolidated oil bearing sand. No special sand contro! was installed in the well.
The test procedure consisted in measuring simultaneously sand and oil production as the
choke size was stepwise increased. In this way the maximum sand free production rate
was established.

The theory investigated by Risnes, Bratli and Horsrud states that the formation of
sand arches behind perforation openings is a mechanism that can stabilize a poorly
consolidated sand and prevent it from flowing into the well. There is however a limit to the
load imposed by the fluid drag forces that a given arch can sustain. Therefore the
corresponding sand control method essentially consists in keeping the production rates
lower than a critical flow rate that will cause continuous sand influx. They concluded that
the field results can consistently be described by their arch theory.

Selby and Farouq Ali (1988) reached conclusions regarding the influence of flow
rate. Sand production rates were carried out under three different flow rates: 2, 8 and 13.3
mL/min. Tests were run at different flow rates with no overburden stress and one run at a
low flow rate and an overburden stress present. In the absence of overburden load, the
sand formed arches regardless of the flow rate employed. The sand arched rapidly at
higher flow rates. However, the initial sand production was higher at higher flow rates.
At high overburden loads, arching occurred when a low flow ratc of 2 mL/min was
employed, but not at higher flow rates. Sand production increased at higher rates. They
concluded that sand production increases as the fluid flow rate is increased and that arching
of the sand occurs at low overburden loads and at low flow rates.

Veeken et al. (1991) classified field measurements of sand production. They

defined transient sand production as a sand concentration declining with time under
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constant well production conditions. Continuous sand production is defined as a sand
production level which remains relatively constant with the acceptable sand concentration
depending on several operating variables. They define catastrophic sand production as a
high rate of sand influx that causes the well to suddenly choke and die.

They point out that in previous laboratory tests performed using unconsolidated
material, the dominating factors were flow rate and capillary forces. They report that
several references report a flow rate of about S-10 bpd as the flow rate corresponding to

cavity failure. This critical flow rate was found to be independent of sand mixture, cavity

size, boundary stress and pore pressure.

2.5 Influence of Capillary Cohesion

Hall and Harrisberger (1970) considered two suppositions with regard to the
mechanisms of arching. The first was that arch stability requires a small degree of restraint
on the grains forming the inner free surface of the arch. The second was that the stabilized
surface permits the remainder of the arch structure to distribute and support a large load
over the opening. They felt that their results, provided in Table 2-1, confirm these two
suppositions. They found that applied loads of any magnitude could not induce arching in
round grains until some type of cohesion was applied to the sand. The cohesion took the
form of moistening the sand or flowing air upwards into the sand. Numerous tests were
performed by Hall and Harrisberger to examine the influence of saturation conditions.
They observed that under stress conditions where arches were unstable in dry or saturated
sand, arches were stable if immiscible liquid phases were present and the wetting phase
saturation was less than funicular, that is, the wetting phase is not continuous (Islam and
George, 1991). Arches would fail when the wetting phase saturation reached a funicular
state. They concluded that a cohesive force, supplied by interfacial tension within the sand

structure, was necessary for arch stability.
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Previously, Hall and Harrisberger (op cit) found that dry 20-40 mesh rounded sand
would not arch over a 11.1 mm diameter perforation. However, when water moistened.
the 20-40 mesh rounded sand formed stable arches at confining stresses up to 13 800 kPa.
They also observed that the same sand would not form an arch when saturated with
kerosene, but did form an arch after the kerosene was reduced to residual saturation by
flowing air upward into the sand. These tests showed that capillary cohesion created by the
interfacial tension between two immiscible fluids was sufficient to cause arching.

Hall and Harrisberger also examined the effects of the flow of the wetting and
nonwetting fluids through a sand pack. Arches remained stable to the outward flow of the
nonwetting fluid with the wetting fluid at residual saturation. However, arches failed when
subjected to outward flow of the wetting fluid. They point out that the outward flow of the
wetting fluid fills the pores of the sand leaving the nonwetting phasc as separated globules
existing in the voids. The arch fails as the cohesion created by the interfacial tension
between the two fluids is decreased., because there are fewer nonwetting fluid-wetting
fluid-sand contacts.

Durrett et al. (1976) conducted a research program to improve understanding of the
causes and mechanisms of sand production. The investigation focused on: (1) a study of
the static forces tending to hold sand in place, (2) a study of the dynamic and static forces

that counteracted these static-holding forces, and (3) a study of the sand transport

sand transport. According to these authors, the strength of a formation is derived from
cementation material, interlocking of grains under confinement loads and cohesive strength
resulting from interfacial tension forces between reservoir fluids. However, mineral
cementation is absent in unconsolidated formations and grain interlocking is absent in sand
at void ratios larger than the steady state void ratio.

Durrett et al. point out that the cohesive strength derived from reservoir fluids is a

function of interfacial tension forces and wetting-phase saturation. They performed static
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tensile tests on a simulated formation sand at various levels of air-water saturation to
determine cohcsive strength. Their results are shown in Figure 2-3 and indicate increasing
cohcsive strength with augmented wetting-phase saturation nearing the pore entry pressure
indicated by the drainage capillary pressure curve. They concluded that cohesive strength
does not reach the pore entry pressure because of variations in capillary size that cause
some capillaries to become fully saturatcd, while other capillaries still contain mixed-fluid
saturation.

They used the cohesive strength measured on the air-water system to calculate
cohesive strength for a similar oil-water system having 35 dynes/cm interfacial tension. As
shown in Figure 2-4, they calculated a maximum cohesive strength for the oil-water system
of approximately 2.4 kPa (0.35 psi) at 20 percent water saturation. Durrett et al. (1976)
concluded that although this strength is low, it is significant when compared with the fluid
drag forces that cause sand migration near the wellbore. They also calculated the drag force
acting through a clcan sand vs a pscudo-Reynolds number (NRe) based on medium sand
grain diamcter, as shown in Figure 2-5. This plot assumes a clean sand (one-fluid phase),
but by inspecting and comparing Figures 2-6 and 2-7 it shows that significant producing
rates can be achieved in open-hole completions before critical drag forces are reached.

Durrett et al. (op cit) looked at critical fluid velocity. It is described by Stokes' law
(scttling of particles) that gives critical transport velocity for sand transport in an open
channel, that is, unhindered flow. Figure 2-6 shows fluidization and critical transport
velocitics for water flow plotted against grain size. They also presented Figure 2-7 which
describes apparent veiocities of produced fluids in clean sands as a function of producing
rate. By comparing allowable fluidization velocities (Figure 2-6) with calculated producing
velocities (Figure 2-7), it can be seen that most formation size grains are transported readily
by typical producing rates, unless they are held in place by some force.

Durrcut et al. were unable to measure cohesive tension under dynamic flow

conditions. They did make an attempt, but fluid flow through the sand pack with mixed
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saturation caused the pack to separate. Rather than sloughing individual grains from the
free surface, separated sand plugs extruded through the open perforations. This occurred
at insufficient flow rates, producing drag forces that exceed the predicted cohesive strength
and although the sand pack separated, the plugs still exhibited cohesiveness. They
proposed the concept of channel flow as a possible explanation for pack failure. That is,
certain permeability channels become nearly saturated with one or another of the fluids.
This reduces cohesive strength to low values found at either end of the wetting-phase
saturation.

Durrett et al. performed another test using a 20-40 mesh sand with mixed oil and
water saturation, placed in a Hassler sleeve cell under a confining load of 8.3 MPa (12(X)
psi). They measured flow rates up to 7 BOPD per perforation before sand production
occurred through the perforation opening at the downstream end of the cell. The test was
repeated with only one fluid phase present and sand production occurred at a 0.5 BOPD per
perforation flow rate.

These preliminary tests by Durrett et al. indicate that interfacial tension forces could
be significant in controlling sand production. These findings also concurred with ficld
observations that sand production usually increases when water production increascs,
changing fluid saturation distribution around the wellbore.

The effect of cohesion on arch stability was measured relatively by the comparison
of the sand pack behavior with two different hydrocarbon fluids by Cleary ct al. (1979),
namely kerosene and mineral spirits. Kerosene provided stronger cohesive forces,
resulting in arches with greater stability than those formed with mineral spirits. They found
that although mineral spirits have a higher interfacial tension with water than kerosene
does, the pendular volume in a kerosene/water system is more cohesive than in a mineral
spirits/water system. The magnitude of the cohesive forces is not very high. However,

they have a significant effect on restabilization of arches.
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Islam and George (1991) modeled the top one-eighth of a horizontal well. They
used this model to test the performance of wire-wrapped screens and flexible tubings.
They state that sand production occurs when the formation stresses exceed the strength of
the formation. Formation strength is due mainly to natural cementation of sand grains but
also from cohesive forces resulting from immobile formation water. Stress on formation
sand grains is due mainly to tectonic actions, overburden pressures, pore pressures, stress
changes from drilling and drag forces on the producing fluids.

Islam and George point out several reasons why sand production has been related
to water production: (1) increased total fluid production needed to maintain oil production
rates increases the drag forces on the sand, (2) the forces that make the sand cohere are
disturbed as the water phase becomes mobile, (3) two phase flow and mobility of the
wetting phase cause drag forces to increase and (4) the natural cementing material is
dissolved or softened.

A laboratory testing program was undertaken by Golder Associates Ltd. (Weaver,
1994) with the purpose of measuring apparent cohesion induced by multi-phase pore fluid
capillary in a sand matrix. As well, the influence of porosity and oil-water ratio on the
magnitude of apparent cohesion was investigated. They chose direct shear tests at normal
stresses from O to 20 kPa to measure the apparent cohesion. A clean tailings sand with a
Ds( of approximately 0.2 mm was used along with a mineral oil having a viscosity similar
to water for the test specimens. Reagent grade deionized water (pH=7) was used in the
testing program. Specimens were water-wet, oil saturated and compacted to a desired
porosity. The samples were prepared by placing the water-wet sand in the oil and
subjecting it to a vacuum for a minimum of two hours to deair them. The specimens were
then compacted. It was reported that samples were uniform and most were at or near full
saturation.

The first set of tests was on specimens at a dry density of 15.3 kN/m3 (porosity =

43%) and at 70% oil satu.ation and 30% water saturation. These tests resulted in an
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apparent cohesion of 4.5 kPa and a curved peak shear strength envelope. The slope of the
peak shear strength envelope decreased with increasing normal effective stress. The
constant volume (residual) shear strength envelope had a friction angle of 43° and zcro
cohesion. The details of the first set of tests are summarized in Table 2-3 and Figurc 2-8
presents the peak and residual strength envelopes.

The second set of tests at dry densities of 16.0 kN/m3 (porosity = 40%) and an
oil/water ratio of 70:30 were sheared at normal stresses of 0, § and 10 kPa. Similar to the
first set of tests, a curved peak shear strength envelope was obtained and the peak apparent
cohesion was measured as 4.5 kPa. The residual shear strength had a friction angle of 39°
and zero cohesion. These results led Golder Associates Ltd. to conclude that porosity of
the sand appeared to not have a major influence on apparent cohesion, in the porosity range
used in their testing program. The details of the second set of tests are summarized in
Table 2-3 and Figure 2-9 presents the peak and residual strength envelopes.

The third set of tests investigated the influence of the oil/water ratio. Samples had
an oil/water ratio of 50:50 and a dry density of 15.3 kN/m3 (porosity = 43%) and werc
sheared at normal effective stresses of 0, 5 and 10 kPa. As in the other scts of tests, a
curved peak shear strength envelope was measured. However, the peak apparent cohesion
had a value of 2.7 kPa. The residual shear strength had a friction angle of 42° and cohesion
of zero. Thus, the reduced oil saturation resulted in a decrease in the apparent cohesion.
The details of the third set of tests are summarized in Table 2-3 and Figure 2-10 presents

the peak and residual strength envelopes.
2.6 Summary of Findings
The most relevant and important findings of the literature review with regard io the

objectives of this research project are summarized below. A 10-20 mesh angular sand

(D50 = 1.4 mm) formed highly unstable arches or did not form arches at all at a grain
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diameter/opening width ratio of 1:9.4. Likewise, a 20-40 mesh rounded sand (Dsg = 0.63
mm) also did not exhibit arching behavior at a grain diameter/opening width ratio of 1:20.
Most importantly due to its similarity to actual formation sand, a 80-100 mesh rounded
sand (DsQ = 0.17 mm) would not arch at a grain diameter/opening width ratio of 1:68. The
average size of formation sand is 0.2 mm and perforations typically have widths of 12.7
mm (1/2 inch) and 19.1 mm (3/4 inch). This results in grain diameter/opening width ratios
of 1:64 and 1:96, respectively. Based on the results presented above, at the large width of
opening to grain diameter ratios found in the field, arching of dry sand over perforations is
highly unlikely.

The results mentioned above also point out a difference in behavior between angular
and rounded sand and coarse and fine sand. The uniform, coarser, angular sand arched
when the perforation diameter was 9.4 times larger than the sand. Whereas the uniform
finer, rounded sand did not exhibit arching at any grain diameter/opening width ratios.
Increased angularity and coarseness of sand grains increases the shear strength of sand.
This allows angular and coarse sand to form arches at larger grain diameter to width of
opening ratios than rounded and fine sand. This supports the conclusion of Selby and
Farouq Ali (1988) that more sand is produced from spherical, small-grained packs than
from angular, large-grained packs.

The influence of confining stress was also investigated. A confining stress of 35C)
kPa applied to dry 10-20 mesh angular sand improved arch stability at a grain
diameter/opening width ratio of 1:9.4. This was felt to be due to better interlocking of sand
grains resulting in higher shear strength. A confining stress of 13.8 MPa applied to the
same sand could cause failure by grain crust'~g2. However, a confining stress of 13.8
MPa could not induce arching in dry rounded sand that previously did not exhibit arching
under conditions of no confining stress. Cleary et al. (1979) supports this conclusion

stating that arch stability increases with increasing horizontal and vertical stress. As well,
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arch structure is a function of the stress distribution of the sand pack and arch size
decreases with increasing confining stress.

A water moistened 20-40 mesh rounded sand formed an arch at a grain
diameter/opening width ratio of 1:20 and remained stable at a confining stress of 23.8 MPa.
Dry and water moistened 8-12 mesh angular sand formed arches that failed due to grain
crushing at confining stresses of 13.5 MPa and 14.5 MPa, respectively. As well, a 30-250
mesh angular sand having a much wider grain size range, formed arches that failed due 1o
grain crushing under dry and water moistened conditions at confining stresses of 11.7 MPa
and 23.8 MPa, respectively. These results indicate that arch failure duc to confining stress
occurs at lower stresses for angular sands than rounded sands and grain crushing usually
accompanies the failure of the angular sand. The relative influence of capillary cohesion on
the stability of arches should also be noted. All of the tests performed using water
moistened sands where capillary cohesion was present, required higher confining stresses
to cause arch failure, compared to similar tests using dry sand. This shows how capillary
cohesion plays a significant part in forming and maintaining stable arc:hcs which will be
discussed later.

The effect of well depth on arch load was well described by Suman (1975). He
described four regions of sand behavior as a function of well depth. At shallow depths,
sand would either not arch over perforations or form tenuous arches and sand could flow
readily through the perforation. At intermediate depths, arches sensitive to flow rate would
form. At deeper depths, arches would be sufficiently stable to allow high fluid flow rates
without failure. Finally, at somewhat deeper depths and a given sand quality, arch failure
through grain crushing may occur. These regions of sand behavior may be compared to
the behavior of sand in laboratory tests in order to determine which region of well depth is
being modeled.

It was found by Hall and Harrisberger (1970) that a slow flow of air downwards

through sand and out a perforation had no effect on the stability of an arch. However, a
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faster flow was able to destroy the arch. Selby and Farouq Ali (1988) observed that when
no confining stress was applied, sand formed arches regardless of different flow rates of 2,
8 and 13.3 mL/min. Sand arched rapidly at higher flow rates and initial sand production
was higher at higher flow rates. At high confining stress, arching occurred at a low flow
ratc of 2 mL/min but not at higher flow rates. As well, sand production increased at higher
flow rates. It may be concluded that sand production increases as fluid flow rate is
increased. As well, arching of the cand occurs at low and high flow rates under low
confining stress and only at low flow rates under high confining stress.

In general, it has been concluded that flow rate has an influence on arch size and
stability. Smaller arches are more stable and allow a high fluid viscosity to be reached
before failure. As well, gradual rate increases result in stable sand arches while sudden
increases cause arch failure. In some cases, arches that were formed were stable in the
sense that flow rate could be reduced to zero and increased to its former value several times
without affecting the arch stability. It was also possible to hold flow rate constant for
several hours without causing signiticant changes There is a limit to the load imposed by
the fluid drag forces that a given arch can sustain. Suggested sand control methods consist
of keeping production rates below the critical flow rate. Thus, a certain level of fluid flow
rate is capable of destroying an arch. However, arches appear to remain stable below this
critical flow rate. As well, fluid flow rate may be manipulated below the critical flow rate
without affecting arch stability if sudden increases in flow rate are avoided.

Capillary cohesion has been identified as an important factor with regard to sand
arching. It was found that sand grains that would not previously exhibit arching, would do
so when capillary cohesion was present in the sand. It was observed that applied loads of
up to 13.8 MPa could not induce arching in round sand grains until some type of cohesion
was applied to the sand. The cohesion generally took the form of two immiscible fluids in
the sand pores. Under stress conditions where arches were unstable in dry or saturated

sand, arches were stable if immiscible fluid phases were present and the wetting phase
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saturation was less than funicular. That is, the wetting phase was not continuous. When
the wetting phase saturation did reach a funicular state, arches would fail. A cohcsive
force, supplied by interfacial tension within the sand structure is necessary for arch
stability.

Furthermore, the effects of the flow of the wetting and nonwetting fluids through a
sand pack were examined. Flow of the wetting fluid into a partially saturated sand causes
sand arch failure by decreasing the nonwetting fluid saturation and thereby decreasing the
capillary cohesion present in the sand. Arches remained stable when subjected to flow of
the nonwetting fluid. This conclusion agrees with field observations that sand production
usually increases when water production increases, which changes fluid saturation
distribution around the perforation.

Generally, arches were stable if two immiscible fluids were present in the sand
pores. The cohesive strength derived from reservoir fluids is a function of interfacial
tension forces and wetting phase saturation. Durrett et al. (1976) measured the cohesive
strength of an air-water saturated simulated formation sand and found a peak cohesive
strength of 4.8 kPa at 80 percent water saturation. These cohesive strength measurements
were used to calculate the cohesive strength of a similar oil-water system having 35
dynes/cm interfacial tension. The maximum cohesive strength was 2.4 kPa at 80 percent
water saturation. Even though capillary cohesion strength is generally low, it is significant
when compared to fluid drag forces. Examining fluidization and critical transport velocitics
for typical formation size sand grains led to the conclusion that most formation size grains
are transported readily by typical producing rates, unless they are held in place by some
force. The strength provided by capillary cohesion in the pores of the sand structure is
significant with regard to the formation and stability of sand arches over well casing

perforations.
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Table 2-1: Results of Hall and Harrisberger (1970) Arching Tests

Initial

TestNo, Sand _ __  Sicp Saturation Flow Load® Results

] 10-20 Tex. C.Co. Air None 0 No arch

loosc**

2 10-20 Tex. C.Co. Air None 0 Arched;
failed when
tapped

3 10-20 Tex. C.Co. a. Air None 500 Arched

b. Air out® 500 Held
c. Air out faster 500 Failed

4 10-20 Tex. C.Co. Air None 2000 Failcd;
crushed

s 2040 Ottawa Air None 0 No arch

loose**

6 20-40 Ottawa Air None 0 No arch

7 20-40 Onawa a. Air None S00 No arch

8 80-100 Ottawa b. Air in® 500 Arch formed

(Same steps) c. Air in slower 500 Failed
d Air in faster 500 Reformed
c. Same 2000 Held
f. Air in slower 2000 Failed

9 2040 Ouawa Water- None 2000 Arched

moistened

10 2040 Ouawa a. Kerosene None 1000 No arch

Oil-wettable? b. Air in 1000  Arch formed
c. None 1000 Held
11 20-40 Ottawa a. Kerosene at None 1000 Arched
residua! water
b. Kerosene out 1000 Held
c. Water out 1000 Failed
12 20-40 Ottawa a. Water at residual None 1000 Arched
Oil-weutable’ mineral oil
b. Water out 1000 Held
c. Mineral oil out 1000 Failed

13 2040 Ouawa Water- None 3450t Arch held

moistened

14 8-12 Tex. C.Co Air None 19s0tt Failed;
crushed
suddenly

15 8-12 Tex. C.Co. Water- None 2100tT  Failed;

moistened stepwise

16 30-250 Miocene Air None 1700TT  Failed, slow
fall-out

17 30-250 Miocenc Waicr- None 3450tT  Failed, no

moistened fall-out

* Average vertical stress, psi

¥*Pourcd in with no tamping; all other tests were compacted by vibrator

9Flow out definc as flow downwards through sand

®Flow in defined as flow upwards into sand

Sand weated 10 be preferentially oil-wettable; all other tests used naturally water-wettable sands

1 Arch formed at 500 psi; load increased to failure or to apparatus limit of 3450 psi

(after Hall and Harrisberger, 1970)
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Table 2-2: Experimental Conditions and Results

of Bratli and Risnes (1981)

Maximum
Water Maximum Maximum Upstream
Experiment Porosity Sawration Arch Radius* Flow Rate Pressure
Number 0] Sw r; (cm) q (cm3/s) pu (bar)
Sand: 20-40 U.S. mesh, pore-fluid wetting/flowing: water/air, simulated overburden: 50 bar
1 0.39 0.15 1.82 2439 1.98
2 0.38 0.19 2.46 2248 1.79
3 0.38 0.14 2.26 2970 2.53
4 0.39 0.15 1.57 2564 2.15
Sand: 80-100 U.S. mesh, pore-fluid wetting/flowing: water/air, simulated overburden: 50 bar
1 0.42 0.18 2.10 2441 234
2 0.41 0.17 1.65 3305 3.16
3 0.42 0.17 2.16 2536 2.26
4 0.41 0.17 1.55 1941 2.33

*Calculated assuming spherical cavity

(after Bratli and Risnes, 1981)
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Table 2-3: Summary of Direct Shear Tests on Laboratory Compacted Oil Sand
Performed by Golder Associates Ltd.

Shear Stress
Test | Test Dry Oil/Water Normal Constant
Set No. Density | Porosity Ratio |Saturation| Stress Peak | Volume®
(kN/m*3)| (%) (%) (kPa) (kPa) (kPa)
First 1 16.3 43 70/30 96 0 4.7 0.3
2 15.3 43 65/35 96 0 4.3 0.4
3 15.3 43 67/33 96 5 12.1 4.7
4 15.83 43 72/28 100 5 11 4.6
5 15.3 43 63/37 100 10 18 8.5
6 15.3 43 73/27 100 20 26 19
Second 7 6.0 41 69/31 99 0 4.5 0.5
8 16.0 41 73/27 100 5 15 4
9 16.0 41 73/27 100 10 19 8
Third| 10 15.3 43 50/50 100 0 2.7 0.5
11 15.3 43 §3/47 100 5 11 4.5
12 15.3 43 52/48 100 10 17.3 9.2

*Constant volume = residual shear stress
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Figure 2-1: Arching Test Cell Used by

Hall and Harrisberger (1970)
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INCREASING SHEAR STRESS —————>

Figure 2-2: Coulomb Line of Failure

—® INCREASING EFFECTIVE NORMAL STRESS ——®>

(after Stein and Hilchie, 1972)
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Alr/Watcer Capillary Pressurce (psi)

Figure 2.3: Cohesive Strength of Simulated Formation at
Various Levels of Air-Water Saturation
(after Durrett et al., 1976)
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Figure 2-4: Cohesive Strength For Oil-Water System
(after Durrett et al., 1976)
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Figure 2-6: Critical Velocity For Fluid Transport
(after Durrett et al., 1976)
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(after Durrett et al., 1976)
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Shear Stress (kPa)

Figure 2-8: Peak and Residual Shear Strength of
First Set of Tests by Golder Associates Ltd.
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Shear Stress (kPa)

Figure 2-9: Peak and Residual Shear Strength of
Second Set of Tests by Golder Associates Ltd.
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Figure 2-10: Peak and Residual Shear Strength of
Third Set of Tests by Golder Associates Ltd.
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3. Laboratory Testing

3.1 Properties of Sands Used In Testing Program

Three sizes of uniform quartz sand were uscd in the first part of the testing
program. The finest sand was medium to fine grain, clean 40-70 mesh with an average
grain size (D50) of 0.30 mm and a coefficient of uniformity (Dgo/D 1) of 1.39. The
medium sized sand was coarse grained, clean 12-20 mesh with an average grain size of 1.2
mm and a coefficient of uniformity of 1.36. The largest sand was coarsc, clean 8-16 mesh
with an average grain size of 1.6 mm and a coefficient of uniformity of 1.40. These three
sands will be referred to as fine, medium and coarse sand in the following discussion. The
grain size distribution curves for these sands are presented in Figure 3-1. The fine sand is
representative of sand found in the heavy oil formations and most of the experimental work
used only this sand. The grain size distribution for a typical formation sand is also shown
in Figure 3-1 displaying its similarity to the fine sand. The medium and coarse sands were
used only to determine the effect of sand particle size on arching behavior. All sands have

a particle shape classified as subrounded.

3.1.1 Grain Size Analysis

The purpose of the grain size analyses was to determine the average grain size and
the degree of uniformity of the fine, medium and coarse sands. This allowed the fine sand
to be compared to the actual formation sand, which it was intended to represent. Grain size
analyses were performed on the fine, medium and coarse sands. Dry, 200 gram samples
of each sand were accurately weighed and sieved through a set of sieves containing sieve
numbers 4, 10, 20, 40, 60, 80, 100, 200 and a pan. The size of opening for cach sicve
used is provided in Table 3-1. The procedure outlined by ASTM Standard Test Method for



Particle-Size Analysis of Soils (ASTM Designation: D 422-63) was followed when
performing the grain size analysis for each sand. Grain size distribution curves were
constructed for each sand based on the results of the grain size analysis outlined above.
The fine, medium and coarse sands were frac sands composed almost entirely of quartz.
The sands had been previously sieved by the distributor and grouped together based on a
range of mesh sizes resulting in the highly uniform distribution.

The results of the grain size analysis for each sand is summarized below. The fine
sand is a uniform, medium to fine grain, clean 40-70 mesh quartz sand with a range of
grain sizes from 0.43 to 0.2] mm. It has a D§g of 0.30 mm and a coefficient of
uniformity, Cy, equal to 1.39. The Ds( is the grain diameter corresponding to S0%
passing, by weight. The coefficient of uniformity, Cy, is defined as:

Cu=p2
where: De60 = grain diameter (in mm) corresponding to 60% passing, and

D10 = grain diameter (in mm) corresponding to 10% passing, by weight.
The medium sand is a uniform, coarse grained, clean 12-20 mesh quartz sand with a range
of grain sizes from 1.7 to 0.85 mm. It has a D50 of 1.2 mm and a coefficient of uniformity
equal to 1.36. The coarse sand is a uniform, coarse, clean 8-16 mesh quartz sand with a
range of grain sizes of 2.4 to 1.2 mm. It has a D50 of 1.6 mm and a coefficient of
uniformity equal to 1.40. Grain size distribution curves, grain size ranges, D50 values and
coefficient of uniformities for the coarse, medium, and fine sands and a typical formation
sand are presented in Figure 3-1. The average grain size of each sand was taken as the D50
value obtained from the grain size analysis. The average grain size was used to calculate

slot width to grain diameter ratios later in the thesis.
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3.1.2 Specific Gravity

In order to have accurate specific gravities for the sands that would be used in the
visualization model and capillary cohesion tests, tests to determine the specific gravity of
the fine, medium and coarse sands were performed. The procedure used to determine the
specific gravity of the sands was the ASTM Standard Test Method for Specific Gravity of
Soils (ASTM Designation: D 854-92). The test utilizes a pycnometer to determine the
specific gravity of soils. The pycnometer may be either a volumetric flask having a
capacity of a least 100 mL or a stoppered bottle having a capacity of at least S0 mL. In
determining the specific gravity of the three test sands, a 100 mL volumetric flask was
used. The ASTM procedure recommends that the weight of the test sample on an oven-dry
basis shall be at least 25 grams when the volumetric flask is used. The weight of the test
sample used for each of the three test sands was 60 grams. The ASTM procedure provides
two methods for the removal of entrapped air. The first method is to subject the contents to
a partial vacuum (air pressure not exceeding 100 mm Hg). The second method is to hoil
gently for at least 10 minutes while occasionally rolling the pycnometer to assist in the
removal of air. The contents are then subjected to reduced air pressure by connecting the
pycnometer directly to a vacuum pump. In determining the specific gravity of the three test
sands, the boiling method was used to remove entrapped air. For a detailed description of
the specific gravity testing method, please refer to the ASTM standard listed above.

In accordance with the ASTM Standard Test Method for Specific Gravity of Soils
(ASTM Designation: D 854-92), the specific gravity of the test sands was calculated,

based on water at a temperature Ty, as follows:

where: Gg = specific gravity of soil pariicles

Wo = weight of sample of oven-dry soil, g,
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Wa = weight of pycnometer filled with water at temperature Ty, g,

Wph = weight of pycnometer filled with water and soil at temperature T, g. and

Tx = temperature of the contents of the pycnometer when weight Wp was

determined, °C.
Two tests to determine specific gravity were performed for each sand. The average of the
specific gravity tests for each respective sand were taken as the specific gravity for that
sand in all future calculations. The fine, medium and coarse sands had specific gravities of
2.72,2.71 and 2.71, respectively. The results of these tests are summarized in Table 3-2.
Specific gravities were used in calculations to determine void ratio and dry density of the

sand during visualization model and capillary cohesion tests.

3.1.3 Maximum and Minimum Dry Density

In order to have an accurate range of dry densities for the sand that would be used
in the visualization model and capillary cohesion tests, maximum and minimum dry density
tests were performed on the fine, medium and coarse sands. The procedure used to
determine the maximum dry density of the test sands was the ASTM Standard Test Method
for Maximum Index Density of Soils Using a Vibratory Table (ASTM Designation: D
4253-93). The ASTM test method provides four alternative procedures to determine the
maximum index density. It was decided that Method 1A, using oven-dried soil and an
electromagnetic, vertically vibrating table, would be utilized. A detailed description of
terms, apparatus, procedure and calculations associated with the maximum dry density test
may be found in the ASTM standard referred to above. All tests were vibrated for 8
minutes at a frequency of 60 hertz. Two maximum density tests were performed on the
coarse sand and three maximum density tests were performed on the medium and fine
sand. Test results proved to be very similar and the results of the tests were averaged

together to determine a maximum dry density value for each sand.
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The maximum dry density was calculated in accordance with the ASTM Standard
Test Method for Maximum Index Density of Soils Using a Vibratory Table (ASTM
Designation: D 4253-93), as follows:

Mg
Pdmax =V

where:  pdmax = maximum dry density, kg/m3.

Mg = mass of dry specimen, kg, and

V = volume of densified specimen, m3.
The fine, medium and coarse sands had maximum dry densities of 1.80, 1.84 and 1.76
g/cm3. respectively. The results of the maximum dry density tests are summarized in Table
3-3. It should be noted that at the completion of the tests using the finc sand, small
amounts of fine sand were observed on the top plate of the maximum dry density
apparatus. It was decided that the presence of this material did not significantly affect the
results obtained for the fine sand. All maximum dry density tests performed met the criteria
for judging the acceptability of maximum dry density test results set out in the ASTM
standard listed above. The average of the maximum dry density tests for each respective
sand was taken as the maximum dry density for that sand in all future calculations.

The procedure used to determine the minimum dry density of the test sands was the
ASTM Stiandard Test Method for Minimum Index Density of Soils and Calculation of
Relative Density (ASTM Designation: D 4254-91). The ASTM mecthod provides three
alternative procedures to determine the minimum index density. Method A which utilizes a
funnel pouring device or a hand scoop to place material in a mold was used for all three 1est
sands. A detailed description of terms, apparatus, procedure and calculations associated
with the minimum dry density test may be found in the ASTM standard referred 1o above.

Two minimum dry density tests were performed on each sand. The minimum dry

density was calculated in accordance with ASTM Standard Test Mcthod for Minimum
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Index Density of Soils and Calculation of Relative Density (ASTM Designation: D 4254-

91) as follows:

Pdmin = %

where:  pdmin = minimum dry density, kg/m3,

Mg = mass of dry soil, kg, and

V = volume of soil, m3.
The fine, medium and coarse sands had minimum dry densities of 1.56, 1.62 and 1.56
g/cm3. respectively. Results of the minimum dry density tests are summarized in Table 3-
4. All minimum dry density tests performed met the criteria for judging the acceptability of
minimum dry density test results set out in the ASTM standard listed above. The average
of the minimum dry density tests for each respective sand was taken as the minimum dry
density for that sand in all future calculations. The maximum and minimum dry densities
were used in calculations to determine relative density of the sand during the visualization

model and capillary cohesion tests.
3.1.4 Hydraulic Conductivity

The purpose of the hydraulic conductivity tests was to determine the hydraulic
conductivity of the fine, medium and coarse sands in order to estimate flow rates and head
loss in the visualization model. As well, the hydraulic conductivity tests provided an
opportunity to evaluate water flow through the sands. The hydraulic conductivity of the
fine, medium and coarse sands was determined using the ASTM Standard Test Method for
Permeability of Granular Soils (Constant Head) (ASTM Designation: D 2434-68). The
apparatus, sample preparations, procedure and calculations associated with the hydraulic
conductivity test of granular soils using a constant head is detailed in the ASTM standard

listed above. Each test sand was tested using water as the test fluid under hydraulic
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gradients of approximately 1.0, 2.0, 3.0 and 4.0. Hydraulic gradient is defined as the head
loss due to liquid flowing through the soil divided by the length of the soil. Manometer
readings from the manometer ports located at the highest and lowest points within the sand
were used te determine the hydraulic conductivity of each sand. These manometer readings
were used in order to reduce the effects of fines movement at the top and bottom of the
sand inside the permeameter. During the hydraulic conductivity tests, the top of the sand
becomes less permeable as fines form a blinding layer and the bottom of the sand becomes
more permeable as fines move out of the sand forming a filter layer. The use of overall
head measurements does not exclude the influence of these effects as reliably as using the
manometers located in the sand mass referred to above. The results from these tests were
used to determine the hydraulic conductivity of each soil by constructing a plot of hydraulic
gradient versus velocity for each sand. The fine, medium and coarse sands were found to
have permeabilities of 0.045, 0.30 and 0.89 cm/sec, respectively. The hydraulic gradients
of each soil and the plot mentioned above are presented in Figure 3-2. The permeabilitics
derived from these tests were used to determine the equivalent sand permeabilitics 10 air
flow. These air permeabilities were used in calculations regarding upward air flow through

the fine and medium sands.

3.1.5 Dry Sand Direct Shear Tests

Direct shear tests were performed to evaluate the peak and residual angles of
internal friction for each sand under dry conditions. The fine, medium and coarse sands
could then be compared with similar sands used in other research projects. The ASTM
Standard Test Method for Direct Shear Test of Soil Under Consolidated Draincd
Corditions (ASTM Designation: D 3080-90) was performed on each soil under normal
stresses of 50, 150 and 250 kPa. A square shear box with side dimensions of 6() mm and

a sand thickness of 40 mm was used and sheared at a height of 26 mm. All tests were
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conducted using dry, compacted sand. Sand was placed in the shear box in four lifts of
approximately 10 mm and compacted until the desired density was achieved. Controlled-
displacement tests were performed in order to determine the ultimate stress as well as the
maximum stress. Samples were tested under single shear conditions. The fine, medium
and coarse sand were all sheared at a rate of 0.61 mm/min.

The dry density of the fine sand under normal stresses of S0, 150 and 250 kPa
were 1.70, 1.72 and 1.75 g/cm3, respectively. These dry densities correspond to relative
densities of 62, 70 and 81%, respectively. The dry density of the medium sand under
normal stresses of 50, 150 and 250 kPa were 1.76, 1.76 and 1.77 g/cm3, respectively.
These dry densities correspond to relative densities of 67, 67 and 71%, respectively. The
dry density of the coarse sand under normal stresses of 50, 150 and 250 kPa were 1.68,
1.67 and 1.70 g/cm3, respectively. These dry densities correspond to relative densities of
63, 58 and 72%, respectively.

The peak and residual angles of friction of the fine sand (void ratio, e = 0.58) were
found to be 35° and 33°, respectively. The peak and residual angles of friction of the
medium sand (¢ = 0.53) were determined to be 45° and 34°, respectively. Finally, the peak
and residual angles of friction of the coarse sand (e = 0.61) were found to be 50° and 42°,
respectively. A plot of peak shear stress versus normal stress and residual shear stress
versus normal stress for the fine, medium and coarse sands are presented in Figures 3-3
and 3-4, respectively. Porosities in the range of 35% to 38% were used in the dry sand
dircet shear tests.  This range of porosities was used as it reflects actual field porosity
conditions fairly well. Plots of shear stress versus shear displacement and specimen
thickness change versus shear displacement for the fine, medium and coarse sands are
presented in Appeadix A.

Triaxial tests performed by Hall and Harrisberger (1970) on 20-40 mesh (e = 0.53)
and 80-100 mesh (e = 0.58) Outawa sand resulted in internal angles of friction on 34° and

36°, respectively. These tests were performed at confining stresses up to 550 kPa. Tippie
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and Kohlhaas (1973) obtained an angle of internal friction of 30° for a 20-40 mesh Gopher
State frac sand (e = 0.44) using triaxial tests at confining stresses up to 550 kPa. Bratli and
Risnes (1981) used triaxial tests to obtain friction angles of 38° for a 20-40) mesh Ouawa
sand (e = 0.61) and 36° for a 80-100 mesh crushed quartz sand (¢ = 0.69). As there are no
sands fitting the exact mesh sizes used in this project, it is necessary to qualitatively
compare sands with as similar mesh sizes as possible.

When comparing the internal angles of friction of the various sands, it is important
to note the effect of initial void ratio on friction angle. The relationship between friction
angle and the initial void ratio for a given sand is that denser sand will result in higher
friction angles. Energy put into a soil by external loads is expended in two ways: (1)
overcoming the frictional resistance between particles and (2) to expand the soil against the
confining stress. The denser the sand, the greater the expansion which takes place during
shear. More energy (hence more force and a higher friction anglc) must be expended to
shear the soil (Lambe and Whitman, 1969).

To summarize, the friction angles of 80-100 mesh sands were found to be 36° by
other researchers cited above, while the fine sand (40-70 mesh) used in this project had a
peak friction angle of 35°. The fine sand friction angle agrees well with published friction
angles of similar sands and the void ratios are sufficiently similar to allow a reasonable
comparison between the sands. The 20-40 mesh sands had friction angles in the range of
30° to 38° as determined by other researchers. The 20-40 mesh sands show an opposite
trend of increasing friction angle with increasing void ratio (decreasing density).
Differences in the gradation of the sands may account for this trend reversal. That is, well
graded sands would have higher friction angles than more uniform sands. The medium
sand (12-20 mesh) used in this project had a peak friction angle of 45° and the coarse sand
(8-16 mesh) had a peak friction angle of 50°. The friction angles of the medium and coarse
sands appear to be slightly higher than expected. The coarse and medium sands had

dilation angles of 52° and 43°, respectively, compared to the fine sand which had a dilation
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angle of 23°. The higher dilation angles indicate that extra work must be done in order to
shear the coarser sands. This results in greater strength of the sands which is reflected in
the increasing friction angles for increasingly coarser sands. Reasons for this variation are
the influence of void ratio, angularity and surface roughness.

The fine sand required only 1.0 mm to 3.0 mm to reach peak shear stress. The
medium and coarse sands reached peak shear stress with horizontai displacements in the
range of 1.0 mm to 2.0 mm. In all cases, only a small degree of horizontal displacement
was required to reach peak shear stress. Thus, relatively small amounts of sand movement
will gencrate peak shear stresses within the sand inside the visualization model.

The specimenr thickness change versus horizontal displacement plots for the fine,
medium and coarse sand all indicate dilation during shearing. The dilation characteristic of
thesc sands may assist in the formation of arches. This is because the sand grains must ride
up and over cach other during shearing providing an opportunity for arches to form during
this increase in volume due to sand grain movement. It should also be noted that the
volume change behavior and stress-deformation behavior of the fine, medium and coarse
sands presented in Appendix A may also be of use as input data for future numerical

modeling.

3.1.6 Wall Friction Direct Shear Tests

Initial test results using the second visualization model and dry sand with a
confining stress applied suggested that because of friction between the sand and the walls
of the box, a large portion of the confining stress applied to the sand was lost in the form of
wall friction. To determine the amount of confining stress converted to wall friction, direct
shear tests were performed on each of the test sands and a smooth piece of plexiglass to
dewrmine the angle of wall friction between the test sands and a sheet of plexigiass. These

tests provided the degree of wall friction generated by the test sands against the walls of the
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visualization model. The ASTM Standard Test Method for Direct Shear Test of Soil Under
Consolidated Drained Conditions (ASTM Designation: D 3080-90) was performed using
the interface between the plexiglass and the sand as the shear planc. Similar to the direct
shear tests performed to investigate the peak and residual angles of friction of the tests
sands, the direct shear tests performed using plexiglass were conducted using dry.
compacted sand in a square shear box with side dimensions of 60 mm. Plexiglass was
placed in the bottom shear box so that the plexiglass was flush with the top of the hottom
shear box. The sand was placed in the shear box on top of the plexiglass to an average
sand thickness of 18 mm. Each sand tested with plexiglass was tested at five different
normal stresses (50, 100, 150, 200 and 250 kPa). Controlled-displacement tests were
conducted using the interface between the plexiglass and the sand as the shear planc.

The fine sand was sheared at a rate of 1.22 mm/min during tests under normal
stresses of 50 and 100 kPa. All other tests were sheared at a rate of (.61 mm/min. The
dry densities of the fine sand under normal stresses of 50, 100, 150, 200 and 250 kPa
were 1.56, 1.60, 1.57, 1.61 and 1.64 g/cm3. These dry densitics correspond to relative
densities of 0, 19, 5, 23 and 37%, respectively.

The medium sand was sheared at a rate of 1.22 am/min during tests under normal
stresses of 100 and 200 kPa. A shear rate of 0.61 mm/min was uscd for tests under
normal stresses of 150 and 250 kPa. Tests were performed under 50 kPa normal stress at
both 1.22 mm/min and 0.61 mm/min. Calculations to determine dry density of the medium
sand resulted in dry density values less than the minimum dry density. It was assumed that
the density of the medium sand in the direct shear tests was miscalculated and a dry density
of 1.62 g/cm3 was assumed for all tests. This dry density corresponds to a relative density
of 0%.

The coarse sand was sheared at a rate of 1.22 mm/min during tests under normal
stresses of 50 and 200 kPa. All other tests were sheared at a rate of 0.61 mm/min. Similar

to tests using medium sand, calculations to determine dry density of the coarse sand
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resulted in dry density values less than the minimum dry density. It was assumed that the
density of the coarse sand in the direct shear tests was miscalculated and a dry density of
1.62 g/cm3 was assumed for all tests. This dry density correspcnds to a relative density of
0%.

The peak and residual angles of wall friction between the fine sand and plexiglass
were found to be 21° and 19°, respectively. The peak and residual angles of wall friction
between the medium sand and plexiglass were found to be 23° and 20°, respectively.
Finally, the peak and residual angles of wall friction between the coarse sand and plexiglass
were found to be 30° and 28°, respectively. A plot of peak shear stress versus normal
stress and residual shear stress versus normal stress for the fine, medium and coarse sands
and plexiglass are presented in Figures 3-5 and 3-6, respectively. Porosities resulting in
relative densities in a very low range were used during the wall friction direct shear tests
because this would result in measurement of the lowest friction created by the sand grains
against the plexiglass walls. Thus, if this minimum friction proved to cause an
unacceptable amount of friction, then all other cases would also prove unacceptable. Plots
of shcar stress versus shear displacement and specimen thickness change versus shear
displacement for the fine, medium and coarse sand and plexiglass are presented in
Appendix A.

At a confining stress of 300 kPa and using the peak angles of wall friction, the wall
friction between the walls of the visualization model and the fine, medium and coarse sands
was 115, 127 and 173 kPa, respectively. The resulting percent of confining stress lost in
the form of wall friction was 38, 42 and 58%, respectively. These relatively high values of
wall friction confirmed the hypothesis that the second visualization model design was not
providing sufficient stress to the sand immediately above the slot perforation area because
of friction between the sand and the walls of the box. This conclusion led to the

modification in the design of the visualization model which removed the effects of wall
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friction. The design modifications are discussed in detail in Scction 3.2.3 Third
Visualization Model Design.

The fine sand/plexiglass and medium sand/plexiglass samples required only small
displacements, 0.1 mm to 0.5 mm, to reach peak shear stress. This indicates that the full
effects of wall friction would be felt with only a small amount of sand movement. The
coarse sand/plexiglass samples reach peak shear stress at horizontal d: slacements of 0.2
mm to 2 mm. However, the shear stress rises rapidly with only small horizontal
displacements. Thus, the majority of wall friction would be present with only small sand
movements.

The specimen thickness change versus horizontal displacement plots for the fine
sand/plexiglass and medium sand/plexiglass samples show contraction throughout the
direct shear test. This is reasonable considering the low relative densitics of the sampics.
The coarse sand/plexiglass samples contracted slightly at first and then proceeded 1o dilate.
This behavior is typical of a dense sand and is surprising because the coarse sand was
initially at relatively low relative densitics. The application of the confining stress must

have caused the coarse sand to compress to a dense state.

3.2 Design of Visualization Model

The purpose of the visualization modcl was to qualitatively and quantitatively
evaluate sand movement at a perforation. To achieve this goal, plexiglass was used to
fabricate the visualization model. Plexiglass was chosen because it is transparent,
machinable and reasonably safe with regard to breakage. It was also important that the
visualization model be a two dimensional model, so that the mechanisms of sand movement
could be clearly seen. The visualization model design incorporated a single perforation in
the shape of a rectangular slot. The perforation built into the visualization model will be

referred to as a slot perforation in the following discussion. The visualization model was
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designed to allow the effect of the following variables to be examined: sand particle size
and perforation size, shape and roughness of perforation opening, sand porosity, confining
stress, flow conditions through sand and perforations and capillary cohesion between two
fluids in a sand such as gas and water, gas and oil, and oil and water. The original design
of the visualization model was modified twice during work on this project. These
modifications resulted in three different visualization model designs. Each visualization

modcl design will be explained in detail in the following sections.

3.2.1 First Visualization Model Design

The purpose of the first visualization model design was to examine the effect of the
boundary conditions on the visualization model concept and give direction towards
designing a more refined visualization model. The first visualization model consisted of a
long plexiglass box with a slot perforation and removable plug permanently attached to one
end of the box and a fluid injection system connected to the other end. The end of the
plexiglass box containing the fluid injection system was removable to allow for the
placecment of sand inside the visualization model. The sides of the slot perforation were
roughened te simulate conditions of completed perforations found in the field. The
visualization model was used in both horizontal and vertical orientations. However, since
most of the tests performed using the visualization model were performed in the vertical
oricntation, the thickness, width and height of the model were designated with respect to a
vertical orientation. The inside dimensions of the first visualization model are presented in
Figure 3-7 and are used consistently when describing the visualization model dimensions
regardless of orientation. This dimension reference system applies to the second and third
visualization model designs as well. The inside dimensions of the first visualization model
were 24 mm thick by 150 mm wide by 700 mm high. The plexiglass was 10 mm thick.

This model was designed for use in a horizontal or vertical orientation. A slot perforation S
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mm wide and 10 mm high was initially used with the first visualization model. The slot
perforation had the same thickness, 24 mm, as the inside of the visualization model. The
slot perforation width of S mm was chosen in order 1o examine grain diameter to width of
opening ratios in a range of approximately 1:20 to 1:3. The finc. medium and coarse sands
tested using the first visualization model design resulted in grain diameter to width of
opening ratios of 1:16.7, 1:4.2 and 1:3.1, respectively. The slot perforation height was
later increased to 50 mm to examine the effect of slot perforation height on sand behavior.
The test results obtained from the first visualization model resulted in the fabrication of a

smaller model which would be used in a vertical orientation only.

3.2.2 Second Visualization Model Design

The purpose of the second visualization model design was to construct a more
refined and adapted visualization model based on the knowledge and experience gained
from the first visualization model. The second visualization model was approximately half
the length of the first visualization model. The model included a plexiglass box with inside
dimensions of 20 mm thick by 150 mm wide by 300 mm high. The plexiglass was 12.7
mm thick. An aluminum plate which included attachments for fluid flow, an air vent and a
bushing for a piston rod was attached to the top of the plexiglass box by four screws. The
aluminum plate wiil be referred 1o as the top plate in the following sections. The bottom of
the box contained two S0 mm high polyvinyl chloride (PVC) blocks which were rigidly
fastened inside the box. The PVC blocks were 50 mm high in order to model the length of
actual field perforations through casing and cement which are typically 50 mm to 90 mm
long. Different size PVC blocks could be faswened inside the box to allow slot perforation
widths of £.0 mm, 12.7 mm (1/2 inch) and 19.1 mm (3/4 inch) to be tested. The 5 mm
wide slot perforation was chosen in order to repeat and check the results obtained using the

first visualization model. The 12.7 mm and 19.1 mm wide slot perforations were chosen
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because these are the sizes most commonly used in the field. The slot perforation had the
same thickness, 20 mm, as the nside of the visualization model. In the following sections,
the PVC blocks described above will be referred to as the slot perforation blocks. The
sides of the slot perforation blocks were roughened to simulate conditions of completed
perforations found in the ficld. A removable PVC plug was inserted between the blocks.
The plexiglass box rested on an aluminum stand which had a hole in the center to
allow plug removal and sand flow out of the model. The confining stress loading system
consisted of a teflon sweeper, piston plate, piston rod, guide plates and a loading platform.
The teflon sweeper rested on top of the sand and prevented sand from binding the piston
plate against the sides of the plexiglass box. The piston plate was perforated to allow fluid
to flow through unhindered. Dead weights were used to supply the necessary confining
stress on the sand. Test results suggested tl:at this design may not provide sufficient stress
te the sand immediately above the slot perforation area because of friction between the sand

and the walls of the box. Direct shear tests using sand-plexiglass interfaces confirmed this

hypothesis.

3.2.3 Third Visualization Model Design

The purpose of the third visualization model design was to modify the previous
design in order to ensure that the stress was applied to the sand at the slot perforation
opening. The design is essentially the same as the second visualization model with one
exception. The slot perforation blocks were 120 mm high and were not fastened to the
plexiglass box. Instead, the plexiglass box was allowed to slide smoothly over the slot
perforation blocks. The slot perforation blocks were 120 mm high because initially the
plexiglass box would be placed on 70 mm high blocks, resulting in an initial slot height of
50 mm which is similar to typical field perforation lengths through casing and cement of 50

mm to 90 mm. Thus, the plexiglass box had a maximum travel of 70 mm before the effects
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of wall friction would be present. Geotextile sweepers were fixed to the top of the slot
perforation blocks to ensure smooth sliding of the plexiglass box. The geotextile sweepers
also imitate the roughness of the cement-sand interface around the well casing. This design
eliminated the problem of stress transfer from the sand to the plexiglass box. Since the
plexiglass box was free to slide over the slot perforation blocks, stress transferred by the
sand under the piston to the plexiglass box was returned to the sand above the PVC sloi
perforation blocks as the plexiglass box slid down. One further modification was made to
the second visualization model design. The teflon sweeper was replaced by a three layer
sweeper system. Attached to the piston plate was a geotextile, a geonet and finally another
geotextile. All three of these materials were cut to fit exactly inside the plexiglass box.
This three layer sweeper system prevented sand from binding the piston plate against the
sides of the plexiglass box, as well as allowing fluid to easily flow through the sweeper
system without disiurbing the sand below. At the same time, the three layer sweeper
system permitted fluid flow to be redistributed across the entire cross section of the
visualization model due to the high in-plane permeability characteristics of the sweeper
system materials. Eventually, four manometer ports were installed into the back face of the
third visualization model. The manometer ports were located directly over the slot
perforation at a spacing of 0, 2.5, 8 and 16 cm above the top of the slot perforation. A
drawing of the third visualization model is presented in Figure 3-8. A picture of the third
visualization model is presented in Plate 3-1. A side view of the third visualization model
which provides a view of the manometer ports and model thickness is provided in Plate 3-

2. The overall sctup of the visualization model is presented in Plate 3-3.
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3.3 Labhoratory Procedures

The laboratory procedures followed during tests using the different visualization
models and other related tests are described below. Laboratory procedures are separated

into sections with respect to conditions imposed on the sand.

3.3.1 Dry Sand Without Confining Stress Applied

Tests involving dry sand without confining stress applied were performed using the
first visualization model and the second visualization model. The purpose of these tests
was to examine the effect of the following variables: sand particle size and perforation
diameter and shape and roughness of perforation opening. The laboratory procedure

followed using each model design will be described below.

3.3.1.1 First Visualization Model

Tests on dry sand without confining stress applied using the first visualization
modcl were performed in a vertical orientation. The bottom of the visualization model was
placed on two blocks of wood to allow removal of the plug from the slot perforation and
unobstructed sand flow out of the model. Two sets of clamps attached to a vertical stand
were used to secure the visualization model in a vertical position. A level was used to
confirm that the model remained vertical throughout the test.

A cork plug was inserted into the slot perforation and sealed with a thin film of
silicon grease to allow easy and quick removal. At no time during testing did the presence
of the silicon grease cause problems regarding sand movement into, through and out of the
slot perforation. The sand to be tested was poured into the visualization model with a small

plastic scoop. After the addition of each scoop of sand, each side of the plexiglass box was
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vigorously tapped five times with a rubber hammer. Sand was placed into the model using
this method until the sand reached a height of 66 cm above the top of the slot perforation.
The mass and height of sand inside the visualization modcl was measured and used to
calculate void ratio, dry density and relative density of the sand.

During tests using dry sand without confining stress applicd, the top end of the
plexiglass box containing the fluid injection system remained open to the atmosphere.
Before the test was begun, a video recorder was set up to record the events of the test for
later review. This was felt to be an important part of the observational procedurc because
of the high visual emphasis of these types of tests. The practice of using a video recorder
to record the events of a test was continued for all subsequent visualization model tests.

In order to start the test, the plug was removed from the slot perforation in one
quick movement. When the plug had been removed, observations were made regarding
behavior of the sand. If the sand flowed continuously out of ithe model, observations were
made concerning sand flow pattern and elapsed time of sand flow. If the sand did not
continuously flow out of the model, observations were made regarding arching, bridging,
the presence of sand blockages in the slot perforation, arch size and shape, arch stability
and sand flow pattern. If the sand formed an arch or bridge across the slot perforation, the
model was left undisturbed for a reasonable amount of time to assess the stability of the
sand arch. If the arch remained stable, the model would be tapped with a rubber hammer to
determine the arch'’s stability when subjected to a vibration. At the completion of a test, all
remaining sand would be removed and the visualization model would be washed to clean
off any residual sand in the model and thoroughly dricd . When performing tests using dry
sand, it was essential that the visualization model be completely dry. The presence of water
inside the modcl could lead to capillary forces affecting the behavior of the sand. Dryness
of the model was assured by passing air through the model followed by extensive drying of

the model using water absorbent towels.
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3.3.1.2 Second Visualization Model

As was the case with the first visualization model, 1t was essential that the second
visualization model be completely dry when performing tests using dry sand. It was
possible to disassemble all components of the second visualization mode! and completely
dry each component using water absorbent towels after washing the model.

The procedure for running a test using dry sand without confining stress began
with the assembly of the visualization model. The appropriate slot perforation blocks were
fastened inside the plexiglass box to form a slot perforation of the desired width. Before
the plug was put into the slot perforation, a thin film of silicon grease was applied to the
sides of the plug to ensure easy removal. The model was placed on an aluminum stand
with a hole in the center large enough to allow plug removal and unobstructed sand flow.
The test sand was placed into the model with a small plastic scoop. After the addition of
each scoop of sand, the sand was rodded 25 times with a 10 mm metal rod and vigorously
tapped five times with a rubber hammer on each side of the model. Sand was placed into
the model in this manner until the sand reached a height of approximately 20 cm. The mass
and height of sand above the top of the slot perforation was measured and used to calculate
void ratio, dry density and relative density of the sand in the model. The top of the second
visualization model was left open to the atmosphere during these tests. Before the test was
begun, a video recorder was set up to record the events of the test for later review.

To start the test, the plug was removed from the slot perforation by applying a
sharp pull on a string attached to the plug. After the plug was removed, the same
observations and procedure, depending on sand flow or nonflow, that was described in the
previous section regarding the first visualization model, was performed for tests using the

second visualization model and will not be repeated here.

Page 62



3.3.2 Dry Sand With Confining Stress Applied

The purpose of these tests was to examine the effect of confining stress. Tests
involving dry sand with confining stress applicd were performed using only the third
visualization model. Initially, the second visualization model design was used in tests of
dry sand with confining stress applied. However, the second visualization mods! design
required modifications because it was not providing sufficient stress to the sand
immediately above the slot perforation due to high frictional forces between the sand ard
the walls of the plexiglass box. Thus, the design was modified. resulting in the third
visualization model design which corrected this problem.

As was the case with the tests using dry sand without confining stress applied, it
was essential that the model be completely dry when performing tests using dry sand with a
confining stress applied. It was possible to disassemble all components of the third
visualization model and completely dry each component using water absorbent towels after
washing the model.

Tests of dry sand with a confining stress applied were only performed with the
model in a vertical orientation. After the visualization model was thoroughly dried, the
plexiglass components of the model were assembled. Appropriate slot perforation hlocks
were fastened to an aluminum stand. The slot perforation formed by the slot perforation
blocks was centered over a hole in the aluminum stand large enough to allow plug removal
and unobstructed sand flow. Three different scts of slot perforation blocks were available
to allow slot widths of S mm, 12.7 mm (1/2 inch) and 19.1 mm (3/4 inch) to be used. The
sides of the plug were coated with a thin film of silicon grease to ensure casy removal, The
plug was then inserted into the slot perforation. The assembled plexiglass box was placed
over the two slot perforation blocks. After the plexiglass box was in place over the slot
perforation blocks, it was slid up and down to assure unrestricted vertical movement. The

sides of the plexiglass box were rested on two supports 70 mm in height. In this
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configuration, the initial slot height was SO mm. The initial slot perforation height of SO
mm is typical of field perforations lengths ranging from 50 mm to 90 mm. During the test,
slot height would increase as sand flowed out through the slot perforation and the
plexiglass box moved down over the slot perforation blocks.

Calculations of desired relative density were used to determine required sand
masses to be placed into the model. Sand was placed in four lifts of S cm in height. A 1.5
cm by 15 cm tamping plate was used to compact the sand to the desired density. Th= mass
of sand placed in the model was recorded and the height of sand inside the model was
measured in order to calculate actual density before the test was begun. Void ratio, dry
density and relative density of the sand in the model was also caiculated.

At this time, the visualization model was positioned directly under the piston in the
loading frame. The piston was lowered into the visualization model until it came into
contact with the sand, then slid up and down to assure unrestricted vertical movement
during the test. The piston was rested on top of the sand and the top plate was fastened to
the top of the visualization model. The openings in the top plate were left open to the
atmosphere during these tests. A small coating of silicon grease was applied to the piston
rod, the bushing in the top plate and the vertical alignment openings in the guide plates to
ensurc smooth movement of the piston.

The appropriate dead weights for the confining stress desired were placed on the
loading plate. Once the dead weights were in place, the supports originally holding the
visualization model in place were removed. The plexiglass box was now free to slide
down the slot perforation blocks if sand flowed out through the slot perforation. The
height of the sand was measured again and a level was used to check that both the
visualization model and the loading frame were level. Before the test was begun, a video
recorder was set up to record the events of the test for later review.

To start the test., the plug was removed from the slot perforation by applying a

sharp pull on a string attached to the plug. When the plug had been removed, observations
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were made regarding behavior of the test sand. If the sand flowed continuously out of the
model, observations were made of sand flow pattern and elapsed time of sand flow. If the
sand did not continuously flow out of the model, observations regarding arching, bridging.
the presence of sand blockages in the slot perforation, arch size and shape, arch stability
and sand flow pattern were made. If the test sand formed an arch or bridge across the slot
perforation, the model was left undisturbed for a reasonable amount of time to assess the
stability of the sand arch. If the arch remained stable, the model would be tapped with a
rubber hammer to determine the arch's stability when subjected to a vibration.  Stable
sand arches were also subjected to increascd confining stresses up to a maximum of 3(X)
kPa in order to observe the effect of increased confining stress on the stability of the sand
arch. At the completion of a test, all sand would be removed from the model. The model

was washed and carefully dried to remove all remaining moisture.

3.3.3 Fully Water Saturated Flow Tests

Tests involving water flow through fully water saturated sand were performed
using the first and third visualization model designs. Tests using the first visualization
model were performed in the horizontal and vertical orienwtions. Tests using the third
visualization model were performed in the vertical orientation only. The purpose of the
tests performed using the first visualization model was to examine the eftect of the
boundary conditions of the visualization modei concept in both the vertical and horizontal
orientations, as well as to provide direction for later tests. The purpose of the tests
performed using the third visualization model was to examine the effect of flow conditions
through sand and perforations. The laboratory procedure followed with cach visualization

model will be discussed in detail in the following sections.
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3.3.3.1 First Visualization Model

The initial procedure followed during these types of tests was the same for both the
horizontal and vertical orientations. A cork plug was inserted into the slot perforation. The
visualization model was then put in a vertical position to allo ./ placement of the sand and
water. The visualization model was filled with water to approximately half its height.
Sand was poured into the model using a small plastic scoop. Care was taken to ensure no
air remained entrained in the sand as it entered the model. After the addition of each scoop
of sand. the sides of the visualization model were vigorously tapped five times in order to
obtain a consistent packing. This procedure of sand placement was repeated until the sand
inside the visualization model reached a height of 66 cm above the top of the slot
perforation. Water was added until the visualization model was completely full. The end
plate was attached and any air remaining in the model was removed. A constant head
apparatus was used to provide water flow through the model.  The constant head tank was
attached 10 a firting on the top plate and the visualization model was placed in either a
horizontal or vertical orientation.

In the horizontal orientation. the constant head tank was set to the appropriate
hydraulic gradient and the plug was removed from the slot perforation. Water and sand
were allowed to flow out of the visualization model through the slot perforation. After
steady state conditions were reached, the flow rate was measured using a graduated
cylinder. 1If a cavity formed in the sand. the width and height of the cavity was measured
and recorded. Elapsed time of flow at a particular hydraulic gradient was recorded and the
mass of sand expelled at each hydraulic gradient was measured. A range of hydraulic
gradients approximately equal to 0.1, 0.2, 0.4, 0.6, 0.8 and 1.0 were applied to the
visualization model. Normally. flow would be initiated at the lowest hydraulic gradient and
later increased to the next hydraulic gradient after the flow inside the visualization model

had reached a stweady state condition.
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With the visualization model in the vertical orientation, only a hydraulic gradient
equal to 1.1 was applied. After the constant head tank was sct to the appropriate height, the
piug was removed. Sand and water were now free to flow out of the visualization model
through the slot perforation. The formation of an arch or bridge over the slot perforation

was recorded as well as the stability of the arch with respect to water flow and vibration.

3.3.3.2 Third Visualization Model

Tests using the third visualization model that incorporated water iiow through fully
water saturated sand, were done only in a vertical orientation using coarse sand and a 5 mm
wide slot perforation with no confining stress applied. The sand was placed into the
visualization model following the same procedure outlined in Section 3.3.2 Dry Sand With
Confining Stress Applied. The sand inside the visualization model was then fully sawrawd
with water. The plug was removed from the slot perforation and. simultancously, a water
flow was applied to the visualization model. Water flow was controlled using a flow meter
connected in-line between the water source and the visualization modcel. The formation of
an arch or bridge over the slot perforation was recorded as well as the stability of the arch

with respect to water flow and vibration.

3.3.4 Upward Air Flow Tests

The laboratory procedure followed and related analysis and discussion of the results

of the upward air flow tests are described in detail in Appendix C.
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3.3.8 Partial Saturation Arching Tests

The ability of fine sand to arch over a 12.7 mm wide slot perforation under gas-
water and oil-water saturations was studied using the third visualization model. No
confining stress was applied during these tests. Also, the sides of the plexiglass box were

permanently rested on two supports to prevent the plexiglass box from sliding down the

slot perforation blocks.
3.3.5.1 Gas-Water Saturation Tests

The initial procedurc followed during the assembly and preparation of the
visualization model is the same as the procedure outlined in Section 3.3.2 Dry Sand With
Confining Stress Applied. The model was dried and assembled. The slot perforation
blocks were fastened to the aluminum stand and the plug inserted into the slot. The
plexiglass box was placed over the slot perforation blocks and rested on two support
blocks. In these tests involving gas-water saturation, the plexiglass box was not allowed to
move down over the slot perforation blocks. It was not necessary to allow for plexiglass
box movement since no confining stress was to be applied.

Calculations were made to determine the required amounts of sand and water that
were to be placed within the visualization mcde! to achieve desired saturations. The
appropriatc amount of sand was weighed and placed in the bow! of a mechanical mixer.
The required amount of water was added to the sand. The sand and water were then mixed
together until a uniform combination was obtained. Moisture contents were taken from this
mixturc. Before the sand-water mixture was placed inside the visualization model, the
visualization model was weighed to determine its weight when empty. The sand-water
mixture was placed in the visualization model in four lifts of approximately 4 cm each.

Each lift was tamped into place using a tamping plate. At the conclusion of sand
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placement, the visualization model was weighed again. The difference in the weights of the
visualization model before and after sand placement was taken as the total mass of sand-
water mixture placed inside the visualization model. Moisture contents were taken of the
remaining sand-water mixture not placed inside the visualization model. The height of sand
above the top of the slot perforation was measured and recorded.

Two different procedures were followed from this point. In the first procedure, the
application of an air flow was made possible through the top of the visualization model.
Opening the valve resulted in an air flow moving through the sand-water mixture from top
to bottom and finally out the slot perforation. In order to accommodate the air flow, the
piston assembly was inserted into the visualization model but was not allowed to come in
contact with the sand-water mixture. The purpose of the piston asscmbly was to distribute
evenly the air flowing into the visualization model across the top of the sand-water mixture.
The top plate was attached to the visualization model and an air linc was attached to the
fitting in the top plate. The manomecters in the back face of the visualization model were
connected to the manometer board. The visualization model was now ready to start the
test.

The plug was removed from the slot perforation in one quick motion. Movement or
nonmovement of the sand-water mixture was recorded. If the sand-water mixture formed a
stable arch over the slot perforation an air flow was applicd. Obscrvations were made
regarding the effect of the air flow on arch stability, water migration and arch size and
shape. If stable arches were formed, the face of the visualization modcl was tapped with a
rubber hammer in order to observe the arch's stability when subjected to vibration. At the
completion of the test, moisture contents were taken of the sand-water mixture that had
flowed out the slot perforation and at several locations of sand-water mixture remaining
within the visualization model. The second procedure was identical to the first procedure
described above with the exception that no air flow was applied to the visualization model.

The second procedure was mployed when very high gas saturations were used.
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3.3.58.2 OQOil-Water Saturation Tests

The third visualization model was used for tests investigating the interfacial tension
cffects of water and oil on sand behavior. The initial procedure followed during the
assembly and preparation of the visualization model was the same as the procedure outlined
in Section 3.3.2 Dry Sand With Confining Stress Applied. The model was dried and
asscmbled. The slot perforation blocks were fastened to the aluminum stand and the plug
inserted into the slot. The plexiglass box was placed over the slot perforation blocks and
rested on two support blocks. In these tests involving oil-water saturation, the plexiglass
box was not allowed to move down over the slot perforation blocks. It was not necessary
to allow movement of the plexiglass box since no confining stress was to be applied during
tests involving oil-water saturation.

Calculations were made to determine the required amounts of sand, water and oil
that were to be placed within the visualization model to achieve desired saturations. The
appropriate amount of sand was weighed and placed in a metal pan. Enough water was
added to the sand to ensure that the surface of all sand particles were water wet. The
appropriate quantity of oil was added to the sand-water miixture. The sand-water-oil
mixturc was thoroughly mixed by hand for approximately ten minutes. Mixing time was
determined by a trial and error process. Ten minutes proved to be a long enough time to
ensurc uniformity in the mixture.

At the completion of mixing, the sand-waier-oil mixture was ready to be placed in
the visualization model. Approximately 2 cm of water was placed in the visualization
model to ensure that the sand-water-oil mixture remained saturated when being placed and
reducing the possibility of air entrainment. The sand-water-oil mixture was placed inside
the model in 3 lifts. Each lift was compacted using a tamping rod. The height of sand

above the top of the slot perforation was measured and recorded. The visualization model
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was then placed inside a plexiglass containment wank in order to keep the slot perforation
submerged under water throughout the test. The containment tank was filled with water to
a height equal to the height of water inside the visualization model so that no hydraulic
gradient would be applied to the sand-watcr-oil mixture. All air trapped under the model
was removed. The visualization model was now ready to begin the testing. The plug was
removed in one quick movement. Observations were made regarding flow or nonflow of
the sand-water-oil mixture. If there was no sand flow out of the slot perforation,
observations were made regarding arch type and shape. Stable sand arches were subjected
to vibration by tapping the face of the visualization model with a rubber hammer. During
the test, the water levels in the containment tank and visualization model were kept equal by
manually adding water to the visualization model. At the completion of the test, samples
were taken from inside the visualization model for moisture content and extraction tests.
Moisture content and ext-action tests were used to determine water and oil sawurations of the
sample based on calculated void volume. If the water and oil saturations failed to combine
to a value of 100% saturation, it was possible to determine the degree of gas saturation

caused by air entrainment in the sample.

3.3.6 Index Capillary Cohesion Tests

The Swedish fall-cone test (SFC) is a quick laboratory test used to provide
estimates of undrained shear strength of fine grained soils. It is best suited for very soft to
cohesive soils. Additional details concerning the fall-cone test and its interpretation is
provided by Hansbo (1957). In this study, the fall-cone test was used as a strength index
test to provide an estimate of undrained shear strength of the fine sand at varying degrees of
gas-water, gas-oil and oil-water saturations, which will be called the index capillary

cohesion. It was felt that the results of the fall-cone tests could he used as an incdex
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capillary cohesion because the presence of interfacial tension between the fluids in the
cohesionless soil would result in @ material somewhat similar to a cohesive soil.

Tests were conducted under four different sets of conditions: (1) dry, (2) gas-
water, (3) gas-oil and (4) oil-water. The procedures followed during each set of test
conditions will be explained in detail below.

Fall-cone tests using dry sand were very simple. Dry fine sand was placed in the
fall-cone mold in four lifts of 7.5 mm and tamped using a PVC block until the desired
density was achieved. Measurements of mass and volume were recorded for later
calculations. Five readings were taken using the 10g/60° cone and/or the 60g/60° cone
depending on the strength range of the fine sand. The 10g/60° cone is a metal cone
weighing 10 g in the shape of a 60° cone. Likewise, the 60g/60° cone is a metal cone
weighing 60 g in the shape of a 60° cone used for samples with higher strengths due to its
larger weight. Tests were performed on dry fine sand at porosities ranging from 35% to
43%. These readings were transformed into index capillary cohesion values using the fall-
cone calibration for fine grained soils.

The sccond set of test conditions were gas-water tests. Under these conditions,
water was the wetting fluid and air was the non-wetting fluid. The wetting fluid is defined
as the fluid which exists as a thin film around the sand grains. The non-wetting fluid is not
in direct contact with the sand grains and exists in the voids created by the sand grains.
Based on the mass and volume measurements taken during the dry sand tests, void volume
within the fall-cone mold was calculated. Based on these values, the appropriate amounts
of sand and water were mixed together to achieve the desired degree of water saturation.
The water and sand were manually mixed uniil a uniform distribution of the water was
obtained. Two moisture contents were taken immediately after the sand and water were
mixed. The water-sand mixture was placed in the fall-cone mold in four lifts of 7.5 mm
and tamped with a PVC block until the desired compaction was achieved. The low

viscosity of the waiter allowed the water-sand mixture to be compacted with relative ease.

Page 72



Five readings were taken with the 10g/60° conc and/or 60g/60° cone depending on the
strength range of the water-sand mixturc. Immediately after testing was completed., two
more moisture contents were taken. This procedure was repeated at degrees of gas
saturations of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 percent and at £S5 percent of the
peak measured strength. Measured index capillary cohesion was plotted against calculated
degree of gas saturation.

The third set of test conditions were gas-oil tests. Under these conditions, oil was
the wetting fluid and air was the non-wetting fluid. The mixing process and testing
procedure for the gas-oil tests was essentially the same as what was described for ine gas-
water tests. One exception was that the degree of oil saturation was determined by an
extraction test. The gas-oil mixture was placed in the fall-cone mold in four 1) mm life
Each lift was tamped using a PVC block to achieve the desired density. The gas-oil
mixture proved to be more difficult to compact to the desired density at low gas saturations.
This was due to air entrainment in the gas-oil mixture caused by the high viscosity of the
oil. It was exceedingly difficult to remove the required amounts of air out of the gas-oil
mixture by tamping with a PVC block at low gas saturations. Due to these difficultics, the
very low gas saturation gas-oil mixtures were not attainable at the desired density. The
procedure was repeated at degrees of oil saturation of 30, 40, 50, 60, 70, 80, 90 and 100
percent. Two oils with viscosities of 3600 mPa*s and 1300 mPa*s at 25 °C were tested
under these conditions. Measured index capillary cohesion was plotted against calculated
degree of gas saturation.

The fourth set of conditions were oil-water tests. Under these conditions, water
was the wetting fluid and oil was the non-wetting fluid. The oil used in these tests had a
viscosity of 3600 mPa*s at 25 °C. Before any oil was added to the sand, enough water
was added to the sand to ensure all the sand particles were water-wet. The appro-riate
amount of oil was added to the water-sand mixture and mixed until a uniform mixture was

attained. It was assumed from the observations that the cil would displace the excess water
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in the sand. This was visually confirmed during mixing as some water was observed to
scparate from the mixture. It was assumed that all of the oil remained mixed in the oil-
water-sand mixture and only the excess water separated from the mixture. The oil-water-
sand mixture was placed in the fall-cone mold in four 1 cm lifts. Each lift was tamped
using a PVC block to achieve the desired density. The same problem regarding air
entrainment described in the gas-oil tests was also present in the oil-water tests. Air
entrainment in the oil-water-sand mixture, which proved to be very difficult to remove by
compaction, due to the high viscosity of the oil, made the low water saturation oil-water
mixtures unattainable at the desired density. Five readings were taken with the 10g/60°
conc and/or the 10g/60° cone depending on the strength range of the oil-water-sand
mixture. The entire sample was removed from the mold and sealed in a container for
extraction testing to determine degree of oil and water saturation of the oil-water-sand
mixture. Extraction tests were used to determine water and oil saturations of the sample
based on calculaed void volume. If the water and oil saturations failed to combine to a
value of 100% saturation, it was possible to determine the degree of gas saturation caused
by air entrainment in the sample. This procedure was repeated at degrees of water
saturation of 50, 60, 70, 80, 90 and 100 percent. Measured index capillary cohesion was

ploticd against calculated degree of water saturation.
3.3.7 Capillary Cohesion Direct Shear Tests

Dircct shear tests were used to provide a direct measurement of capillary cohesion
of finc sand at varying gas-water saturations. The fine sand was subjected to direct shear
tests and the peak and residual shear stresses were measured under confiniag stresses of 0,
3. 10 and 15 kPa at gas saturations of 100, 40 and 20%. The sand was placed in the shear
Fox in four lifts of approximately 10 mm. Each lift was compacted in order to achieve ‘he

desired density. A porosity of 35% was used for all these direct shear tests. A square
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shear box with side dimensions of 60 mm and a total sand height of 38 mm with the shear
plane at a height of 26 cm was used. The ASTM Standard Test Method for Direct Shear
Test of Soil Under Consolidated Drained Conditions (ASTM Designation: D 3080-90) was
followed during these tests with one important exception. When the shear box was
assembled, teflon strips were placed between the top and bottom shear boxes. The purpose
of the teflon strips was to provide a surface that would generate the Ieast amount of friction
as the top shear box moved across during shearing. Trial direct shear tests indicated that
the confining stresses that were to be used did not provide enough side wall friction
between the sand and the walls of the top shear box to keep the top and bottom shear boxes
separated after the top box had been raised prior to shearing. This would result in the top
shear box dropping down and riding on the surface of the bottom shear box instead of
remaining separated throughout the test. Thus, it was important to reduce friction as much
as possible because of the small confining stresses that were used in these tests.

The frictional shear stress generated by the top shear box sliding over the eflon
strips was calibrated. A direct shear test was performed with no sand present and the top
box under no confining stress riding over the teflon strips. This test resulted in a consistert
shear stress reading of 0.6 kPa. This was taken as the frictional shear stress caused by the
presence of the teflon strips and all capillary cohesion shear stress measurements were

reduced by 0.6 kPa.
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Table 3-1: Sieve Opening Sizes

Sieve No. Size of Opening
(mm) (inches)
4 475 0.187
10 2.00 0.079
20 0.850 0.033
40 0.425 0.017
60 0.250 0.0098
80 0.180 0.0071
100 0.150 0.0059
200 0.075 0.0030

Table 3-2:

Specific Gravity of Test Sands

Sand Type

Specific Gravity

Trial 1 Trial 2 Average
Fine 2.72 2.72 2.72
Medium 2.70 271 2.71
Coarse 2.71 2.70 2.71
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Table 3-3:

Maximum Dry Density of Test Sands

Maximum Dry Density

Sand Type (kg/m3*103)
Tnal 1 Tnal 2 Trial 3 Average
Fine 1.81 1.77 1.83 1.80)
Medium 1.84 1.86 1 84 1.84
Coarse 1.75 1.76 - 1.76
Table 3-4: Minimum Dry Density of Tests Sands
Minimum Dry Density
Sand Type (kg/m3*103)
Imal 1 Trial 2 Avcerage
Fine 1.55 1.56 1.56
Medium 1.62 1.63 1.62
Coarse 1.56 1.56 1.56
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Figure 3-1: Grain Size Distribution for Test Sands
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Figure 3-4: Residual Shear Stress Versus Normal Stress
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*Not To Scale

Figure 3-7: Inside Dimensions of the First Visualization Model
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Figure 3-8: Third Visualizaticn Model
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Plate 3-1: Third Visualization Model

Page 86



Plate 3-2: Side View of Third Visualization Model
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Plate 3-3: Overall Setup of Third Visualization Model
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4. Experimental Results

4.1 Scope of Experimental Program

The experimental program can be broken down into five major components: tests
with the first visualization model, tests with the second visualization model, tests with the
third visualization model, index capillary cohesion tests and capillary cohesion direct shear
tests. The first visualization model was originally used in a horizontal orientation to
simulate conditions at a wellbore perforation. The sand would be subjected to horizontal
flow conditions and a horizontal confining stress in this orientation. However, initial
testing with the first visualization model indicated that this orientation did not allow the
optimum conditions to examine sand behavior during fluid flow. The first visualization
model was then used in a vertical orientation with the sand under dry and water saturated
conditions. The vertical orientation tests allowed the effects of sand particle size and
perforation diameter and the shape and roughness of the perforation opening to be
examined. Based on the results of the first visualization model, it was decided to construct
a second, more refined, visualization model to be used in a vertical orientation only.

The second visualization model was first used with dry sand without confining
stress applied in order to check the results obtained using the first visualization model. The
next set of tests involved dry sand with a confining stress applied. However, it was
discovered that friction between the sand and the walls of the visualization model was
impeding the transfer of confining stress to the sand just above the slot perforation. The
second visualization model was modified into the third visualization model to correct this
problem.

The third visualization model was first used to examine the effect of confining
stress on dry sand. Next, the behavior of sand under fully water saturated flow conditions

was investigated. Then upward flow of air through a slot perforation tests were performed



to verify the results of Hall and Harrisberger (1970). The ability of finc sand to arch over a
slot perforation at gas-water and oil-water saturations was then examincd. Numerous gas-
water and oil-water saturations were investigated in order to determine ihe degrees of
saturations required to allow a stable arch to form. As well, the effect of saline water,
typical of field conditions, on arch stability was observed. Also, attempts were made to
flow water through an oil-water saturated sand arched over a slot perfor:ion, which
proved unsuccessful.

At this point, it was apparent that capillary cohesion due to interfacial tension
between two fluids in a sand was playing a significant role in the stability of sand arches.
A relative measure of capillary cohesion in the fine sand, designated the index capillary
cohesion, was made using a fall-cone at varying gas-water, gas-heavy oil, gas-medium oil
and heavy oil-water saturations.

It was noted that the fall-cone would provide only a relative measure of capillary
cohesion. In order to obtain actual capillary cohesion values, direct shear tests of sand
under varying saturations were performed. These were compared to earlicr results of direct
shear tests performed on dry sand to ascertain how capillarity affected the shear stress-

strain and volume change behavior of the sand.

4.2 First Visualization Model Tests

The purpose of the first visualization model design was to examine the effect of the
boundary conditions on the visualization model concept and give dircction towards
designing a more refined visualization model. To that end, the first visualization modcl
was used in preliminary tests in both horizontal and vertical orientations and under dry and
fully water saturated conditions. The results of these tests using the first visualization
model were used to set up a design for and a testing program for the seccond and third

visualization models. The inside dimensions of the first visualization model were 24 mm
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thick by 150 mm wide by 700 mm high. The walls of the model were 10 mm thick. A slot
perforation 5 mm wide and 10 mm high was ininially used with the first visualization
model. The slot perforation had the same thickness, 24 mm, as the visualization model.
The slot height was later increased to 50 mm. The dimension designation conventions used

when describing the visualization models, regardless of orientation. are presented in Figure

3-7.
4.2.1 Horizontal Orientation

Only the fine and medium sands were tested using the first visualization model in a
horizontal orientation. These tests examined sand behavior when the sand was under a
condition of complete water saturation and subjected to a constant water flow. Two tests
were performed using fine sand and three tests were conducted using medium sand. The
procedure followed during these tests is described in Section 3.3.3.1 First Visualization
Model. A picture ot the first visualization model set up in the horizontal orientation is
presented in Plate 4-1.

Tests #1d and #2 utilized the fine sand. The purpose of these tests was to examine
the behavior of water saturated fine sand in a horizontal orientation subjected to water flow
over a range of hydraulic gradients. In Test #2, the slot perforation was 5 mm wide and 10
mm high. This resulted in a grain diameter to width of opening ratio of 1:16.7. The fine
sand was compacted in the visualization model at a void ratio of 0.74 anc an associated dry
density of 1.56 g/cm3. The calculated relative density was equal to 2.6%. Low relative
densities were used during tests with the first visualization model in order to compare the
bchavior of the sand under similar conditions but at higher relative densities using the
second visualization model. The height of the sand in the visualization model was 66 cm.
The hydrauiic gradient throvgh the sand was initially set at 0.10 and increased in stages to

0.20. 0.40 and 0.80. As water flows through the sand, it loses energy through friction
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with the sand grains. This loss of energy is called head loss. Hydraulic gradient is defined
as the head loss due to liquid flowing through the soil divided by the length of the soil. At
the initial hydraulic gradicnt of 0.10, removal of the plug resulted in an initial flow of a
sand-water mixture out of the slot perforation. No mechanism of sand arching, bridging or
plugging was observed as the sand sloughed forming a semisphicrical cavity adjacent to the
slot perforation. The semispherical cavity was 2 cm high and 4 cm wide. A sketch of the
semispherical cavity is provided in Figure 4-1. Once water flow through the slot
perforation had commenced. the quantity of water flow was not sufficient to maintain water
flow along the full thickness of the slot perforation. Only the bottom quarter of the slot
perforation was required to carry the water flow out of the visualization model. Thus. the
top three quarters of the slot perforation was open to the atmosphere. This allowed air to
move into the visualization model and occupy the space vacated by the sand during the
creation of the semispherical cavity. Once the cavity had stopped enlarging, only water
continued to flow out of the slot perforation. The entire length of the slot perforation
remained clear of sand particles except for a small number of sand particles resting on the
bottom of the slot perforation.

Once movement of sand particles ceased and steady state water flow was achieved,
the hydraulic gradient was increased to 0.20. The increase in hydraulic gradient resulted in
a repetition of the events observed when the plug was removed at a hydraulic gradient of
0.10. An initial discharge of the sand-water mixture was accompaniced by an enlargement
of the semispherical cavity adjacent to the slot perforation. The semispherical cavity
attained a height of 4 cm and a width of 6 cm. Once the semispherical cavity reached this
size, only water continued to flow out of the slot perforation. When the hydraulic gradient
was increased to 0.40, the semispherical cavity enlarged substantially to a height of 8 ¢m
and a width of 8 cm. Shortly after the cavily reached these dimensions. more sand broke
loose forming meandering, preferred channels of water flow next to the top plexiglass face

~7 *he visualization model. During the 1ormation of the preferred channels of water flow, a
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sand-water mixture flowed out of the slot perforation. Once the channels were established,
only water continued to flow out of the slet perforation. A flow rate equal to 66 cm3/min
was mecasured at this hydraulic gradient. The hydraulic gradient was finally increased to
0.80 which resulted in the discharge of the remaining sand adjoining the meandering
preferred channels of water flow in contact with the top plexiglass face, as a single large
preferred channel of water flow was formed. The total time elapsed during Test #2 was
equal to 45 minutes.

During cach stage of this test, the slot perforation remained clear of sand particles
except for a small number of sand gr: ins resting on the bottom of the slot perforation. As
well, once the semispherical cavity had quit enlarging, sand movement ceased and only
water continued to flow out the slot perforation. The sand remained immobile until a
higher hydraulic gradient was applied. The sand did not appe’ i to form any type of arch
structure at the top of the slot perforation or within the perforation. No mechanism of sand
arching, bridging or plugging was observed during any stage of Test #2. Another test,
Test #1d, using the fine sand and an initial hydraulic gradient of 1.0 resulted in the
immediate formation of a preferred channel of water flow similar to what was described
above. A summary of Tests #2 and #1d is provided in Table 4-1.

Three similar tests, Tests #4, #12 and #11, were conducted with the medium sand.
These tests provided results very similar to the results previously described using fine
sand, even though the grain diameter to width of opening ratio was 1:4.2 when the medium
sand was uscd. Increased slot perforation height and extended water flow periods also had
no cffect on the sand behavior described above. A summary of Tests #4, #12 and #11 is

provided in Table 4-1.
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4.2.2 Vertical Orientation

All three sands were tested using the first visualization model in a vertical
orientation. These tests examined the behavior of the sand in a vertical flow orientation
under two different sets of conditions. One set of conditions saw the sand placed in the
visualization model in a completely dry state. The sand was not subjected to confining
stress or fluid flow conditions. Observations were made regarding sand behavior after the
plug was removed and the sand was free to flow through the slot perforation. The
procedure followed during these tests is described in Section 3.3.1.1 First Visualization
Model. The other type of test consisted of the same conditions outlined above with the
exception that the sand was fully water saturated. Water flow was applied to the
visualization model to maintain full water saturation with a constant water flow. The
procedure for this type of test is also outlined in Section 3.3.3.1 First Visualization Model.
Low relative densities were uscd during tests with the first visualization model in order to
compare the behavior of the sand under similar conditions but at higher relative densitics
using the second visualization model. This would allow the effect of relative density on
sand behavior to be evaluated.

Three tests were performed using the fine sand, five tests were performed using the
medium sand and three tests were conducted using the coarse sand. Tests involving fine
sand were identified as #1a, #10 and #3. Tests involving medium sand were identified as
Tests #1b, #9, #8, #5 and #7. Tests involving coarse sand were identified as Tests #14
and #19. The results of tests conducted using dry sand will be summarized first, folowed

by tests utilizing fully water saturated sand.
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4.2.2.1 Dry Conditions

During tests using the first visualization model under dry conditions, the slot

perforation thickness was equal to the inside dimension of thickness of the visualization

model, 24 mm, for all tests.

4.2.2.1.1 Fine Sand

The purpose of Test #1a was to examine the behavior of the dry fine sand at a slot
perforation with no confining stress or flow conditions applied. The slot perforation was 5
mm wide and 10 mm high. This resulted in a grain diameter to width of opening ratio of
1:16.7. No measurements of mass or volume were taken in Test #1a and thus void ratio.
dry density and relative density values are not available. When the plug was removed, the
dry fine sand immediately flowed out of the slot perforation. A "V" shape formed at the
top of the sand as the sand flowed out the slot perforation. All the sand mass flowed out of
the visualization model except for sand remaining in the bottom corners of the model. The
timz required for the sand to flow out of the model was not measured during this test so
rate of sand flow is not available. No mechanism of sand arching, bridging or plugging
was observed as sand flowed through the slot perforation. The slot perforation remained
clear of obstructions created by sand particles throughout the test.

The purpose of Test #10 was to determine if increasing the height of the slot
perforation to 50 mm would alter the sand behavior observed in Test #1a. The slot
perforation was 5 mm wide and 50 mm high. The fine sand had a void ratio, dry density
and relative density of 0.74, 1.58 g/cm3 and 2.7%, respectively. The results of Test #10
were very similar to the results of Test #1a. When the plug was removed, the dry fine sand
immediately flowed out the slot perforation. The same "V" shape described in Test #1a

was observed to form at the top of the sand as the sand flowed out the slot perforation.
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The fine sand flowed out of the visualization model in 4 minutes, resulting in a rate of sand
flow of 15.5 g/sec. As the sand flowed through the slot perforation, no mechanisms of
arching, bridging or plugging were observed . The slot perforation remained clear of sand
particles obstructing the flow of sand throughout the test. Thus, the increase in height of
the slot perforation proved to have no visible effect on sand behavior. The results of Tests

#1a and #10 are summarized in Table 4-2.

4.2.2.1.2 Medium Sand

The purpose of Test #1b was to determine if the dry medium sand would behave in
the same manner as the dry fine sand under the same conditions of no confining stress or
flow conditions applied. A 5 mm wide and 10 mm high slot perforation was used resulting
in a grain diameter to width of opening ratio of 1:4.2. No measurcments of mass or
volume were taken in Test #1b and thus void ratio, dry density and relative density values
are not available. The results of Test #1b were essentially the same as the results observed
when dry fine sand was used. When the plug was removed, the dry medium sand
immediately flowed out the slot perforation. All sand flowed out of the model and the
characteristic "V" shape was observed at the top of the sand. No rate of sand flow was
recorded for this test. The dry medium sand did not display arching or plugging
characteristics as the sand flowed smoothly through the slot perforation. The results of this
test using dry medium sand corresponded to the results obtained in the same type of test
using dry fine sand.

The purpose of Test #9 was to determine if increasing the height of the slot
perforation would alter the medium sand behavior observed in Test #1b. A slot perforation
height of 50 mm was used and a slot perforation width of 5 mm was maintained. The
compacted sand had a void ratio, dry density and relative density of (.64, 1.64 g/cm3 and

12.5, respectively. The results of Test #9 were very similar to the results of Test #1b.
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When the plug was removed, the dry medium sand immediately flowed out the slot
perforation. The characteristic "V" shape was observed at the top of the sand as the sand
flowed out of the visualization model in 5.5 minutes, resulting in a rate of sand flow of
11.8 g/sec. No mechanism of sand arching, bridging or plugging was observed as sand
flowed through the slot perforation. Hence, the increase in height of the slot perforation
proved to have no visible effect on sand behavior.

Test #8 was intended to be identical to Test #9; however, a small amount of
moisture was inadvertently present in the visualization model during compaction of the
medium sand. The slot perforation was S mm wide and 50 mm high resulting in a grain
diamcter to width of opening ratio of 1:4.2. The medium sand was compacted in the
visualization model at a void ratio, dry density and relative density of 0.66, 1.63 g/cm3 and
4.5%. respectively. When the plug was removed from the slot perforation, only a few
sand grains flowed out. There was no initial flow of sand and no plugging or arching was
prescnt along the length of the slot perforation. Therefore, it was concluded that the sand
blockage was located above the top of the slot perforation. Tapping the sides of the
visualization model resulted in the expulsion of only a few sand grains. In an attempt to
dislodge the sand blockage that had formed above the slot perforation. a wire brush was
inserted into the slot perforation. Contact of the wire brush with the sand caused the
initiation of sand flow that continued in the same manner observed in Test #9. At the
completion of the test, sand grains were observed to be sticking to the walls of the
visualization model. This was taken as an indication that the visualization model had not
been adequately dried prior to testing. The events witnessed in this test suggest that
capillary forces present in partially saturated sand may have a significant influence on sand
behavior under these conditions. The results of Tests #1b, #9 and #8 are summarized in

Table 4-2.
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4.2.2.1.3 Coarse Sand

The purpose of Test #14 was to determine if the dry coarse sand weuld behave in
the same manner as the dry fine sand and dry medium sand under the same conditions of
no confining stress or flow conditions applied. A 5§ mm wide and 50 mm high slot
perforation was used. This resulted in a grain diameter to width of opening ratio of 1:3.1.
The coarse sand was compacted in the visualization model at a void ratio of (.73 and an
associated dry density of 1.57 g/cm3. The calculated relative density was equal to 5.7%.
When the plug was removed, no sand movement occurred except for a small number of
grains passing through the slot perforation. The slot perforation was carcfully examined
and it was determined that the sand had formed an arch structure located above the slot
perforation and not in the slot. Tapping the face of the visualization model with a rubber
hammer resulted in destruction of the arch and resumed flow of sand until another arch
would form. This cycle of arch destruction due to vibration, limited sand flow and
reformation of an arch was repeated by continued tapping with the rubber hammer. At the
completion of the test, all the sand had flowed out of the visualization model except for
sand remaining in the bottom corners of the model. Based on the results of Test #14 and
previous tests, it appears that sand in a dry state, subjected to no confining stress or flow
conditions will not exhibit arching behavior until the slot perforation width is less than
approximately four times the sand grain diameter. The results of Test #14 arc summarized

in Table 4-2.
4.2.2.2 Water Saturated Conditions

During tests using the first visualization model under water saturated conditions, no
measurements were made of the time required for the sand to flow out of the visualization

model. Thus, no rate of sand flow values were available for the following tests. The slot
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perforation had a thickness of 24 mm for all the tests performed under these conditions

using the first visualization model.
4.2.2.2.1 Fine Sand

The purpose of Test #3 was to examine the behavior of fully water saturated fine
sand with a constant water flow applied and compare this behavior to what was observed
when the sand was tested under dry conditions. The slot perforation was S mm wide and
10 mm high which resulted in a grain diameter to width of opening ratio of 1:16.7. The
compacted fine sand had a void ratio. dry density and relative density of 0.72, 1.58 g/cm3
and 10.1%, respectively. A hydraulic gradient of 1.1 was applied and the height of sand
was 66 cm. When the plug was removed, sand immediately flowed out the slot perforation
in a sand-water mixture. The same "V" shape observed in Tests #1a and #10 under dry
conditions was observed at the top of the water saturated sand as the sand-water mixture
flowed out the slot perforation. All the sand mass flowed out of the visualization model
except for sand remaining in the bottom corners of the model. The results of Test #3 are

summarized in Table 4-3.

4.2.2.2.2 Medium Sand

The purpose of Test #5 was to determine if the medium sand would behave in the
same manner as the fine sand under the same conditions of full water saturation and
constant water flow. A S mm wide and 10 mm high slot perforation with a grain diameter
to width of opening ratio of 1:4.2 was used. The medium sand was compacted in the
visualization model at a void ratio, dry density and relative density of 0.66. 1.63 g/cm3 and
5.8%, respectively. A hydraulic gradient of 1.1 was applied and the height of sand was 66

cm. When the plug was removed, sand immediately flowed out the slot perforation in a
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sand-water mixture. It should be noted that once the plug was removed and the sand had
begun to flow out of the visualization model, the flow of water was insufficient to keep the
model completely full of water. Thus, as the sand level dropped in the model, the water
level also dropped. However, the water level never dropped below the sand level. The
same "V" shape observed in Test #3 was observed at the top of the water saturated sand as
the sand-water mixture flowed out the slot perforation. All the sand mass flowed out of the
visualization model except for sand remaining in the bottom corners of the model. The
results of Test #5 were identical to Test #3 with no arching or piugging of sand and the slot
perforation remaining clear of obstructions throughout the test.

The purpose of Test #7 was to determine if increasing the height of the slot
perforation would alter the sand behavior observed in Test #5. The slot perforation height
was increased to SO mm. The grain diameter to width of opening ratio remained at 1:4.2
and the void ratio, dry density and relative density of the compacted sand was (.66, 1.63
g/cm3 and 4.4%, respectively. A hydraulic gradient of 1.1 was applied and the height of
sand was 66 cm. The results of Test #7 were very similar to the results of Test #5 with no
sand arching or plugging and the slot perforation remaining clcar of obstructions
throughout the test. Again, the increased slot perforation height had no visible effect on the

sand behavior. The results of Tests #5 and #7 are summarized in Table 4-3.

4.2.2.2.3 Coarse Sand

The purpose of Test #19 was to determine how the coaise sand would behave
under conditions of full water saturation and a constant water flow. The slot perforation
was 5 mm wide and 50 mm high resulting in a grain diameter to width of opening ratio of
1:3.1. The compacted coarse sand had a void ratio, dry density and relative density of
0.74, 1.56 g/cm3 and 0.0%, respectively. Test #19 was performed with the slot

perforation submerged beneath approximately 40 sum of water in order to prevent air from
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entering the visualization model through the slot perforation. The test was initially started
at a hydraulic gradient of 1.3 and the sand had a height of 66 cm. When the slot
perforation was opened, a small discharge of sand was observed followed by the formation
of an arch structure over the slot perforation that prevented further sand flow.
Unfortunately, the constant head device was not able to supply enough water flow to keep
the visualization model completely full of water. A short period of time after the test had
begun, a layer of air approximately 2 cm high was present at the top of the visualization
model. The hydraulic gradient was increased to 1.4. The increased hydraulic gradient had
no effect on the arch structure over the slot perforation. Finally, the hydraulic gradient was
increased to 1.7 and again no effect on the arch structure was observed. It should be noted
that due to the presence of the layer of air at the top of the visualization model, setting the
constant head tank to higher gradients may not have actually increased the hydraulic
gradient within the visualization model. Tapping the face of the visualization model caused
the same cycle of arch destruction due to vibration, limited sand flow and reformation of an

arch secn in the tests using dry coarse sand. The results of Test #19 are summarized in

Table 4-3.
4.3 Second Visualization Model Tests

The second visualization model was designed based on results and experience
gained using the first visualization model. The second visualization model was used
mainly to examine the behavior of dry sand under no confining stress. These tests allowed
a more extensive observation of sand behavior under these conditions and also allowed for
a comparison with similar tests performed using the first visualization model. The second
visualization model was approximately half the height of the first visualization model and
had the ability to use three different slot perforation widths. As well, the second

visualization model had attachments for flowing fluids through the sand and applying a
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confining stress to the sand. The inside dimensions of the second visualization model were
20 mm thick by 150 mm wide by 300 mm high. The walls of the model were 12.7 mm
thick. The slot perforation was 50 mm high, 20 mm thick and slot perforation widths of §
mm, 12.7 mm and 19.1 mm could be used. In all of the following tests, the slot

perforation height was 50 mm and the slot perforation thickness was 20 mm.

4.3.1 Dry Sand Without Confining Stress Applied

The fine, medium and coarse sands were tested in a dry state without confining
stress applied in order to confirm the results obtained from similar tests using the first
visualization model in a vertical orientation. The tests performed with the second
visualization model were performed at higher relative densities in order to determine the
effect of relative density on the behavior of dry sand without confining stress applicd. It
was necessary to confirm that the design of the second visualization modci would yicld
similar results to those obtained using the first visualization model and not alter the
behavior cf the sand. The procedure followed during these tests is outlined in Section

3.3.1.2 Second Visualization Model.

4.3.1.1 Fine Sand

The purpose of Test #2 was to examine the behavior of the dry fine sand ata 5 mm
wide slot perforation without confining stress applied and compare this behavior to what
was observed when the fine sand was tested under the same conditions in the first
visualization model. The resulting grain diameter to width of opening ratio was 1:16.7.
The fine sand was compacted in the visualization model at a void ratio, dry density and
relative density of 0.62, 1.68 g/cm3 and 54%, respectively. When the plug was removed,

the dry fine sand immediately flowed out the slot perforation. The sand flowing out of the
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visualization model formed a flow pattern that extended from the top of the slot perforation
to the top of the sand in a parabolic shape. A sketch of the flow pattern is provided in
Figure 4-2. A "V" shapc formed at the top of the sand as sand flowed out the slot
perforation. Plate 4-2 provides a view of the "V" shape formed in the dry fine sand in the
second visualization model under the conditions described above. The sand flowed out of
the model in 30 seconds which corresponds to a rate of sand flow of 34.5 g/sec. All the
sand flowed out of the visualization model except for sand remaining in the bottom corners
of the model. No mechanism of arching, bridging or plugging was observed as sand
flowed through the slot perforation. The slot perforation remained clear of obstructions
created by sand particles throughout the test. The behavior of the sand during this test was
very similar to that of Test #10. Test #10 was essentially the same as this test, except the
first visualization model was used. However, Test #2 using the second visualization model
had a sand flow rate of 34.5 g/sec while Test #10 had a rate of sand flow of 15.5 g/sec.
This indicates that under similar conditions of no confining stress applied, dry sand
compacted to higher relative densities exhibits higher sand flow rates. The results of Test
#10 are described in detail in Section 4.1.2.1.1 Fine Sand. Thus, the fine sand behaved in
the same manner in both the first and second visualization models showing no signs of

arching or plugging. The results of Test #2 are summarized in Table 4-4.

4.3.1.2 Medium Sand

The purpose of Test #3 was to examine the behavior of the dry medium sand at a
slot perforation without confining stress applied using the second visualization model
design and compare it to the behavior observed under the same conditions using the first
visualization model. A 5 mm wide slot perforation was used resulting in a grain diameter
to width of opening ratio of 1:4.2. The medium sand had a void ratio, dry density and

relative density of 0.58, 1.70 g/cm3 and 39%, respectively. Similar to Test #2, when the
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plug was removed, the dry medium sand immediately flowed out the slot perforation.
Again, a parabolic flow pattern. presented in Figure 4-2, was observed as the sand flowed
out of the model. The typical "V" shape was observed at the top of the sand as the sand
flowed out of the model in 45 seconds. This resulted in a rate of sand flow of 23.1 g/sec.
No sand arching or plugging was observed as sand flowed out the slot perforation. With
regard to sanda behavior, the results of this test were very similar to the results of Test #9
using the first visualization model. However, the rate of sand flow for Tests #3 and #9
were 23.1 g/sec and 11.8 g/sec, respectively. This supports the earlier conclusion that dry
sands compacted to higher relative densities exhibit higher sand flow rates under conditions
of no confining stress. The results of Test #9 are described in detail in Section 4.1.2.1.2
Medium Sand. Thus, the medium sand behaved in the same manncr in both the first and
second visualization models showing no signs of arching or piugging. The results of Test

#3 are summarized in Table 4-4.

4.3.1.3 Coarse Sand

The purpose of Test #4 was to examine the behavior of the dry coarse sand at a slot
perforation without confining stress applied using the second visualization model design
and compare it to the behavior obhserved under the same conditions using the first
visualization model. The slot perforation was S mm widc and the resulting grain diameter
to width of opening ratio was 1:3.1. The coarse sand was compacted in the visualization
model at a void ratio of 0.63 and an associated dry density of 1.66 g/cm3. The calculated
relative density was equal to 53%. When the plug was removed, a small quantity of sand
passed through the slot perforation followed by the formation of an arch over the slot
perforation. No obstructions created by sand grains were present along the height of the
slot perforation. A sketch of a typical arch formed by dry coarse sand over a 5 mm wide

slot perforation is provided in Figure 4-3 and pictures of two typical arches are presented in
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Plate 4-3. Sand flow resumed when the face of the visualization model was tapped with a
rubber hammer. The sand flowed for a short period of time and ceased when another arch
formed over the slot perforation. The cycle of destruction of the arch due to vibration, a
short period of sand flow, followed by the reformation of an arch was repeated until all
sand, except for what remained in the bottom corners, flowed out of the model. A "V"
shape gradually formed at the top of the sand as more and more sand flowed out of the
model. A parabolic flow pattern, presented in Figure 4-3, extending from the top of the
slot perforation to the top of the sand was observed. Test #4 provided results that were
essentially the same as the behavior that was observed in Test #14 using the first
visualization model. The results of Test #14 are described in detail in Section 4.1.2.1.3
Coarse Sand. This further confirms the observation made using the first visualization
model that sand in a dry state, subjected to no confining stress or flow conditions. will not
exhibit arching behavior until the slot perforation is less than four times the sand grain
diameter.

The purpose of Test #5 was to examine the behavior of the coarse sand under the
same conditions described in Test #4 with the exception that the slot width was increased to
12.7 mm (1/2 inch). The resulting grain diameter to width of opening ratio was 1:7.9. The
compacted coarse sand had a void ratio, dry density and relative density of 0.63, 1.66
g/cm3 and 53%, respectively. When the plug was removed, the coarse dry sand
immediately flowed out the slot perforation in a manner similar to the fine and medium
sands in Tests #2 and #3, respectively. Only 13 seconds were required for the sand to
flow out of the model, resulting in a rate of sand flow of 80.4 g/sec. The parabolic flow
pattern extending from the top of the slot perforation to the top of the sand was observed,
as well as the characteristic "V" shape at the top of the sand. This supports the observation
that a slot perforation width of less than four times the sand grain diameter is required for
uniform dry sand under no confining stress to exhibit arching behavior. The results of Test

#4 and #5 are summarized in Table 4-4.
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In order to examine the influence of relative density on sand behavior under
conditions of dry sand without confining stress applicd, similar tests at different relative
densities were performed using the first and second visualization models. Tests using the
first visualization model were performed at low relative densities in the range of 2% to
13%. These low relative densities were used to observe sand behavior near its loosest
state. The behavior of loose sand was determined because under ficld conditions. once
movement of sand occurs at well casing perforations, the sand may be in a loosc state. The
second visualization model was used to repeat the tests performed using the first
visualization model with the exception that higher relative densitics were used. Relative
densities of approximately 40% to 55% were used with tests using the sccond visualization
model. Tkhis range of relative densities was chosen because it would allow the sand
behavior to be observed at moderately dense conditions. Thus, the behavior of loose and
moderately dense dry sand under no confining stress could be compared.

The effect of relative density on the fine sand was not visible with regard to causing
arching or plugging of the sand flow out of the model at relative densities of 2.7% and
54%. The same can be said for the medium sand at relative densitics of 12.5% and 399 .
The relative density may have had a slight effect that was visible on the coarse sand.
Coarse sand at a relative density of 53% formed arches that qualitative.y appeared 1o be
slightly more stable than arches formed by coarse sand at a relative density of 5.7%.
However, the effect is qualitative and exerts only a minor influence on overall sand
behavior.

Relative density does have an effect on rate of sand flow. In cascs where sand
flowed continuously out of the visualization model, sand flow ratcs were higher for sand at
higher relative densities. This indicates that under conditions of dry sand with no confining
stress applied where sand will flow through a slot perforation, rate of sand flow will be
higher for sand at higher relative densities. An increase in relative density means an

increase in shear strength and dilation occurring during shearing. It was expected that an
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ircrease in relative density would result in a decrease in sand flow rate because more work
would have to be done during shearing. However, the opposite behavior was observed

and no explanation for this behavior could be ascertained.

4.3.2 Dry Sand With Confining Stress Applied

Tests were performed with the second visualization model and dry sand with
confining stress applicd. However, it was felt that friction between the sand and the
plexiglass was preventing the applied stress from acting directly above the slot perforation.
This was overcome by the third visualization model design which eliminated the problem of
swress transfer from the sand to the plexiglass box. Thus, the results of tests performed
using the second visualization model under these conditions will not be considered or

discussed further.

4.4 Third Visualization Mode] Tests

The third visualization model was essentially the same as the second visualization
model with the important modification mentioned earlier that allowed confining stress to be
applied effectively. The third visualization model had inside dimensions identical to the
second visualization model of 20 mm thick by 150 mm wide by 300 mm high. However,
slot perforation height was 70 mm, slot thickness was 20 mm and slot perforation widths
of 5 mm, 12,7 mm and 19.1 mm could be used. Several different types of tests were
rerformed using the third visualization model providing a variety of results. Each type of
test was designed to examine specific variables that will oo Ziscussed in the following
sections. In all of the following tests, the slot perforation had a height of 70 mm and a

thickness of 20 mm.
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4.4.1 Dry Sand With Confining Stress Applied Results

The fine, medium and coarse sands were tested in a dry state with a confining stress
up to a maximum of 300 k.Fa applied. No tests were conducted without confining stress
because these tests had already been performed using the second visualization model.
These tests using the third visualization model were performed in order to determine the
influence of confining stress on the ability of dry sand to form an arch and investigate the
effect of increased confining stress on arch stability. The procedure followed during these
tests is outlined in Section 3.3.2 Dry Sand with Confining Stress Applicd.

Relative densities in the range of 65-85% were intended to be used in tests
performed using the third visualization model. This small range of relative densitics was
higher than any relative densities previously used during testing with the first and second
visualization models and was chosen as it was closer to initial ficld conditions. This range
of relative densities does not model all field conditions but the scope of this thesis did not
include the entire range of densities possible. In future work the full density range of the

sand should be examined and the effects of relative density investigated more thoroughly.

4.4.1.1 Finc Sand

The purpose of Test #57 was to determine if applying a confining stress of 200 kPa
to dry fine sand would alter the behavior of the sand and induce arching over the slot
perforation. The slot perforation was 5 mm wide which resulted in a grain diameter 10
width of opening ratio of 1:16.7. The compacted fine sand had a void ratio, dry density
and relative density of 0.63, 1.67 g/cm3 and 49%, respectively. When the plug was
removed,. the dry fine sand immediately flowed out the slot perforation. No mechanism of
arching or plugging was observed as the sand flowed out of the model at a rate of sand

flow of 28.9 g/sec. The slot perforation remained clear of obstructions throughout the test.
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The behavior of the sand was very similar to the behavior of the sand in Test #2 when no
confining stress was applied, with one exception. The flow pattern when no confining
stress was applied was a parabolic shape extending from the top of the slot perforation to
the top of the sand, as presented in Figure 4-2. The flow pattern in this test with a
confining stress applied formed a dome shape over the slot perforation. Sand moved
inward from the sides of the visualization model in a dome shape and then flowed out
through the slot perforation. A sketch of this dome shaped sand flow pattemn is presented
in Figure 4-4. However, the presence of a confining stress of 200 kPa acting on the fine
sand had no other appreciable effect on the behavior of the sand. The results of Test #57
are summarized in Table 4-5.

Test #64 was identical to Test #57 but the confining stress applied was increased to
300 kPa. The fine sand was compacted in the visualization model at a void ratio, dry
density and relative density of 0.57, 1.73 g/(:m3 and 74%, respectively. The results of
Test #64 were very similar to the results of Test #57 and therefore will not be repeated.
However, the rate of sand flow in Test #64 was 7.4 g/sec, compared to a value of 28.9
g/sec in Test #57. Thus, the dry fine sand at a higher confining stress had a lower rate of
sand flow. The increase to a confining stress of 300 kPa acting on the sand altered the rate
of sand flow but did not effect the behavior of the sand with respect to flow or nonflow

through the slot perforation. The results of Test #64 are summarized in Table 4-5.
4.4.1.2 Medium Sand

The purpose of Test #51 was to determine if applying a confining stress of 100 kPa
to dry medium sand would alter the behavior of the sand and induce arching over the slot
perforation. A S mm wide slot perforation resulting in a grain diameter to width of opening
ratio of 1:4.2 was used. The fine sand was compacted in the visualization model at a void

ratio, dry density and relative density of 0.52, 1.77 g/cm3 and 71%, respectively. When
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the plug was removed, the dry medium sand immediately flowed out the slot perforation.
The rate of sand flow was 20.3 g/sec. The behavior of the sand was very similar to the
behavior of the sand in Test #3 when no confining stress was applied with the exception
that Test #51 exhibited a dome shaped flow pattern presented in Figure 4-4. The change in
sand flow pattern will be discussed later in this section. However, the presence of a
confining stress of 100 kPa acting on the medium sand had no other appreciable effect on
the behavior of the sand with regard to causing arching at the slot perforation.

Test #54 was identical to Test #51 but the confining stress applicd was increased to
200 kPa. The compacted medium sand had a void ratio, dry density and relative density of
0.55,1.75 g/cm3 and 62%, respectively. The results of Test #54 were very similar to the
results of Test #51 with the sand flowing out of the model at a rate of sand flow of 15.3
g/sec and therefore will not be repeated. Thus, as was the case with a confining stress of
100 kPa, the presence of a confining stress of 200 kPa acting on the medium sand had no
appreciable effect on the behavior of the sand.

As with the fine sand, dry medium sand under higher confining stresses exhibited
lower rates of sand flow. Test #51 at a confining stress of 100 kPa had a rate of sand flow
of 20.3 g/sec while Test #54 at a confining stress of 200 kPa had a sand flow rate of only
15.3 g/sec.

Test #65 was identical to Tests #51 and #54 but the confining stress applied was
increased to 300 kPa. The medium sand was compacted in the visualization model at a
void ratio of 0.52 and an associated dry density of 1.78 g/cm3. The calculated relative
density was equal to 75%. The results of Test #65 were again very similar to the results of
Tests #51 and #54 with the only difference being a change in rate of sand flow. The rate of
sand flow in Test #65 was 15.5 g/sec. The presence of a confining stress of 3(X) kPa
acting on the medium sand had no appreciable effect on the bechavior of the sand with
regard to causing arching at the slot perforation. The results of Tests #51, #54 and #65 are

summarized in Table 4-5.
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It is possible to compare the sand flow rates at different confining stresses for both
the fine and medium sands. Tests #2, #57 and #56 utilizing the fine sand at confining
stresses of 0, 200 and 300 kPa had sand flow rates of 34.5, 28.9 and 7.4 g/sec,
respectively. As well, Tests #3, #51, #54 and #65 using the medium sand at confining
stresses of 0, 100, 200 and 300 kPa, respectively had rates of sand flow of 23.1, 20.3,
15.3 and 15.5 g/sec, respectively. Due to the increased confining stress applied to the
sand, increased interparticle stresses are present and the sand has a larger shear strength.
When the slot perforation was opened and the sand began to flow through, sand at higher
confining stresses flowed at a slower rate. It may be postulated that the confining stress
could be increased to a large enough value that the intergranular shear strength could
prevent sand flow. Such an action may not be true arching but a bridging phenomena.

When no confining stress was applied to the fine, medium and coarse sands under
dry conditions, a parabolic sand flow pattern extending from the top of the slot perforation
to the top of the sand was visible when sand flow occurred. A sketch of the parabolic sand
flow pattern is presented in Figure 4-2. However, when a confining stress was applied to
the sands under similar conditions, a dome shaped flow pattern was observed when sand
flowed through the slot perforation. A sketch of the dome shaped flow pattern is provided
in Figure 4-4. In the dome shaped flow pattern, sand moves inward from the sides of the
visualization model in a dome shape and then flows out through the slot perforation.

When no confining stress is applied, the flow of sand out of the visualization model
is accompanied by a shear failure along two surfaces of sliding as described by Terzaghi
(1943). In his trap door experiment, Terzaghi describes the movement of sand particles as
soon as the trap door yields sufficiently. He states that in the vicinity of the surface, all the
sand grains moved vertically downward. As well, he describes the shape of the surfaces of
sliding which are very similar to the boundaries of sand flow indicated on the sketch of the

parabolic sand flow pattern (Figure 4-2).
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Thus, the parabolic sand flow pattern described in the project is in agreement with
the expected patiern of sand flow provided by Terzaghi's explanation of limited sand
movement. It is reasonable to assume that this explanation extends to sand flows that are
somewhat longer in duration, like those studied during this project.

The change from the parabolic to dome shaped sand flow pattern when a confining
stress is applied may be analogous to sand behavior at shallow depth and sand behavior at
deeper depths. When a confining stress is applied, it is done so by placing a piston on top
of the sand. The piston is loaded with dead weights to achieve the desired confining stress.
Once the test is begun by removing the plug from the slot perforation, the plexiglass box is
free to slide down the slot perforation blocks. This is to allow the stress transferred by the
sand under the piston to the plexiglass, to be returned and applicd to the sand above the slot
perforation blocks as the plexiglass box slides down. In this configuration, when no arch
is formed, the sand directly above the slot perforation blocks is pushed inwards towards
the slot perforation. This is due to the effects of wall friction acting on the sand particles.
Sand beneath the piston and along the walls remains stationary because it is held in place by
wall friction. As the plexiglass box slides down, the sand grains arc¢ prevented from
traveling further with the plexigiass box by the slot perforation blocks. Thus the sand
grains are forced to move in from the sides of the model and flow out through the slot
perforation, as illustrated in Figure 4-4. This behavior may be representative of what is
seen at depth in the field. The wall friction of the visualization model is similar to the
friction generated in the field by stationary sand adjacent to the sand moving towards the
perforation. As well, an increase in vertical stress results in an increase in horizontal
stresses. The increased horizontal stresses acting on the sand results in greater interparticle
stresses and higher shear strength. The higher shear strength may prevent sand grains
from flowing in the parabolic shape seen under no confining stress. Instead, the sand

grains experience no shearing and move down with the plexiglass hox until sufficient
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stresses are applied to overcome the shear strength and force the sand to move in and flow

through the slot perforation.

4.4.1.3 Coarse Sand

The purpose of Test #58 was to examine how the application of confining stresses
up to 200 kPa would affect the behavior of the coarse sand. The slot perforation was S mm
wide resulting in a grain diameter to width of opening ratio of 1:3.1. The compacted coarse
sand had a void ratio of 0.62, a dry density of 1.68 g/cm3 and a relative density of 63%. A
confining stress of 100 kPa was initially applied to the coarse sand. When the plug was
removed, a small quantity of sand passed through the slot perforation followed by the
formation of an arch over the slot perforation. A sketch of a typical arch formed by dry
coarse sand over a 5 mm wide slot perforation and the associated parabolic sand flow
pattern is presented in Figure 4-3. Similar to tests conducted without confining stress
applied, the arch could be destroyed by tapping the visvalization model with a rubber
hammer. However, more effort was required to destroy an arch with a confining stress of
100 kPa applied. Destruction of an arch was followed by sand flow until another arch was
formed over the slot perforation.

After the flow had occurred and an arch had been formed at the 100 kPa confining
stress stage, the confining stress was increased to 200 kPa. This had no detrimental effect
on the stability of the arch, but may have increased arch stability. Sand fiow could be
initiated again by tapping with a rubber hammer. More effort was required to destroy an
arch under a confining stress of 200 kPa than an arch with a confining stress of only 100
kPa applied to it.

In Test #66 a confining stress of 300 kPa was applied initially to the coarse sand.
A 5 mm wide slot perforation was used. The coarse sand had a void ratio. dry density and

relative density of 0.59, 1.70 g/cm3 and 75%. respectively. When the plug was removed,
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a very small quantity of sand passed through the slot perforation followed by the formation
of an arch over the slot perforation. The arch could be destroyed by tapping the
visualization model with a rubber hammer. More effort was required to destroy an arch
with a confining stress of 300 kPa than an arch with a confining stress of only 200 kPa
applied. Destruction of an arch was followed by short sand flow until another arch was
formed. Thus, for the stress range considered, increased confining stress resulted in
increased arch stability. However, increasing confining stress did not affect the behavior
of dry coarse sand with regard to flow or nonflow through the slot perforation. The results
of Tests #58 and #66 are summarized in Table 4-5.

Higher confining stresses result in increased intergranular stresses which result in a
better interlocking of sand grains and higher intergranular shear strength. The effects of
increased intergranular shear strength is improved arch stability. As well, it is more
difficult for the sand to dilate at higher confining stresses. Thus, sand grains have greater
difficulty sliding and rolling over each other during shear. The dry sand direct shear tests
discussed in Section 3.1.5 show this behavior. The volume change behavior results.
provided in Appendix A, indicated that the amount of dilation decrcased as confining stress
increased for all sands. As well, peak and residual shear strength increased as confining
stress increased. The inability of sand grains to slide and roll past each other prevents the
arch from breaking down because the sand grains arc trapped inside the arch structure.
Thus, an increase in confining stress results in improved arch stability because a greater
shear stress is required to cause dilation of the sand grains and overcome the intergranular
stresses.

Relative density also has an efiect on arch stability. At low relative densitics, the
sand grains would be packed more looscly. This would allow the sand grains to roll and
slide around each other with greater ease. That is, sand grains would be able to move into
the voids and spaces present between sand grains due to the loose packing. At higher

relative densities, it would be more difficult for sand grains to move because of the tight
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packing and close contact of the sand grains. Thus, sand at higher relative densities should
create more stable arches than sand at lower relative densities.

Grain size and shape also have an influence on arch stability. In order for the arch
to brcak down, the sand grains must break free of the arch structure. In some cases the
sand grains may simply fall out, but the majority of sand grains must first slide or roll over
adjoining grains before they are free to leave the arch structure. The arch collapses after
sufficient sand grains are removed. Larger sand grains would require greater degrees of
dilation before the grains could break free. This is simply because the grains are larger, so
they have to travel farther before the grains could escape from the arch structure. Thus,
larger sand grains would experience a more difficult time moving in the arch structure than
smaller grains and the stability of arches formed using larger grains would be better.

Angular sand grains form more stable arches than rounded grains because they are
able to form a structure with better interlocking between sand grains. The rounded grains
are smooth and have no way of lodging themselves with other sand grains, whereas the
angular grains are irregular in shape and can form an interlocking structure which requires

greater stress to break down the interlocked sand grains.

4.4.2 Fully Saturated Water Flow Test Results

In previous tests, dry coarse sand was observed to form an arch over a slot
perforation S mm wide. The purpose of Test #73A was to determine how the behavior of
the sand would change if the coarse sand was saturated with watzr and a constant water
flow was applied to the sand. No confining stress was applied. The procedure followed
during this test is described in detail in Section 3.3.3 Fully Saturated Water Flow Tests.
The slot perforation was S mm wide and 50 mm long. This slot width resulted in a grain

diameter to width of opening ratio of 1:3.1. No measurements of mass or volume were
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taken in Test #73A and thus void ratio, dry density and relative density values are not
available.

When the plug was removed, an initial sand flow occurred followed by the
formation of an arch. The water flow rate was set at 3.0 L/min. Similar to tests using dry
sand, the arch could be destroyed by tapping with a hammer. The arch remained stable as
the flow rate was gradually increased to a flow rate of 8.3 L/min in 0.4 L/min increments.
However, a rapid increase from a flow rate of 8.3 L/min to 10.2 L/min caused the
destruction of the arch and the continuous flow of all remaining sand out of the
visualization model. Based on the results of this test, destruction of sand arches will take
place with water flow.

During the fully saturated water flow test it was observed that the arch formed
remained stable as the flow rate was gradually increased from 3.0 to 8.3 L/min. However,
a rapid increase from 8.3 1o 10.2 L/min caused the destruction of the arch. Tippic and
Kohlhaas (1973) reported sim..lar findings. That is, they found that gradual rate increases
resulted in higher sand free production when compared to sudden increases to full rate. It
is expected that a rapid increase of water flow during the initial stages of the fully saturated
water flow test would have resulted in the destruction of the arch.

Durrett et al. (1976) provide an explanation regarding transport of sand grains due
to drag forces. Once a stable arch has been formed, the arch will remain established unti)
the forces tending to break down the arch exceed the forces tending to maintain the arch.
The forces tending to break down the arch are the drag forces of the produced fluid. Fluid
drag forces are made up of skin drag (friction) and form drag (inertia) forces. Skin drag
predominates at low flow rates, while form drag forces are more significant at higher flow
rates. Durrett et al. (1976) point out that as produced fluid flows through a porous body, a
critical velocity is reached where unit pressure loss in hindered flow is sufficient 1o
overcome the forces tending to maintain the arch. These forces tending to maintain the arch

are identified as the holding forces and include intergranular friction forces and capillary
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cohesion forces. Capillary cohesion forces are present only when two fluids occupy the
voids of the sand mass.

Durrett et al. performed tests which allowed them to apply pressure loss to a
projected area of sand particle. This allowed the drag force acting on the particle to be
determined. They state that critical fluidization velocity for a particle has been re: iied
when the drag forces equal the holding force. They also calculated a critical transport
velocity for sand transport in an open channel (i.e. unhindered flow) that is described bv
Stokes' law (seuling of particles). Figure 2-6 shows these fluidization and critical transport
velocities for water flow plotted against grain size.

The flow rates measured during the fully saturated water flow test were converted
to apparent water velocity by dividing these values by the cross-sectional area of the slot
perforation, 30 cm2. These apparent water velocities were plotted (Figure 4-5) against a
sand size of 1600 microns (the D50 of the coarse sand) on the fluidization and critical
transport velocity plot presented by Durrett et al. (1976). The dashed lines in Figure 4-5
indicate the full grain size range of the coarse sand. Looking at the upper grain size of
2400 microns, apparent water velocities of 0.55 ftsec and 1.51 ft/sec (which correspond to
flow rates of 3.0 L/min and 8.3 L/min, respectively) are below the critical transport velocity
for the coarse sand. At these apparent water velocities during the fully water saturated
water flow tests, the arch created by the coarse sand was stable. However, an increase to
an apparent water velocity of 1.86 ft/sec (which corresponds to a flow rate of 10.2 L/min)
was beyond the critical velocity of the coarse sand. Consequently, this increase in apparent
water velocity resulted in the destruction of the previously stable arch. Figure 4-5 indicates
that the larger grain sizes in the coarse sand appear to have the greatest influence on arch
resistance to water flow because it is this grain size which exhibits the boundary between
flow and nonflow based on critical transport velocity.

Thus, the behavior of the sand observed during these tests with regard to stability

and destruction of arches agrees well with the data presented by Durrett et al. (1976).
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Stable arches are broken down when the apparent velocity of the producing fluid, in this
case water, exceeds the critical transport velocity for the sand size.

The arch failure can also be explained in terms of changes in effective stress. An
increased flow rate of water through the sand structure results in increased pore pressurc.
The increased pore pressure results in decreased effective stress as total stress remains
constant. When the pore pressure equals the total stress, the effective frictional shear
strength will be zero and the arch will fail. This approach which uses total stress and pore
pressure to determine failure conditions and the previous explanation which utilized drag
forces created by seepage forces will provide identical results. Seepage force does not
appear in the effective stress approach but that does not mean that the effects of scepage are
not cared for (Taylor, 1948). Taylor (op cit) provides a detailed discussion and analysis
regarding the agreement between the two approaches.

Intergranular friction forces are included in the holding forces which tend to
maintain the arch. The fully saturated water flow test was performed without a confining
stress applied. Itis expected that a higher water flow rate through the sand may have been
attained if a confining stress had been applied to the sand mass. Confining stress has the
effect of increasing the intergranular forces between sand grains, thercby tending to lock
the sand grains in place. In geotechnical terms, a confining stress applies an effective
stress to the sand which increases the shear strength of the sand. The stability of an arch is
dependent on the shear strength of the sand. Such was the case during tests wiih dry sand
and confining stress applied where arches formed at higher confining stresses were more
stable. Thus, the higher intergranular frictional shear strength would have been able to

withstand the higher drag forces of a faster flow rate.
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4.4.3 Upward Air Flow Test Results

All upward air flow test results are provided in Appendix C along with analysis,
discussion and conclusions related to these tests. It was concluded that the sand behavior
observed during these tests was not an arching phenomena. Instead, it is believed that
fluidization of the sand was being observed. For this reason, the discussion of the upward

air flow tests was confined to Appendix C.

4.4.4 Partial Saturation Arching Test Results

4.4.4.1 Gas-Water Saturation Tests

All tests conducted to investigate air-water capillary action utilized only the fine
sand under conditions of a 20 mm thick and a 12.7 mm (1/2 inch) wide slot perforation and
no confining stress applied. Thus, all tests had a grain diameter to width of opening ratio
of 1:42.3. However, the degree of saturation was varied for each test to determine the
effcct of interfacial tension forces on sand stability. In previous tests using S mm and 12.7
mm wide slot perforations, the fine sand flowed freely through the slot perforation when
the sand was either completely dry or completely water saturated. The purpose of Tests
#93 to #103 was to determine what degree of gas-water saturation would cause the sand to
arch over the slot perforation. In Tests #93 to #96, an air hose was attached to the top of
the visualization model in order to supply a flow of air down through the sand and out the
slot perforation. The procedure followed during all the tests described below is detailed in
Section 3.3.5.1 Gas-Water Saturation Tests.

The degree of water saturation in Test #93 was 30%. The compacted fine sand had
a void ratio, dry density and relative density of 0.63, 1.66 g/cm3 and 45%, respectively.

The fine sand showed no flow or movement of sand when the plug was removed from the
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slot perforation. When the downward air flow was applied. water originally located
around sand at the top of the model was pushed down towards the bottom of the model and
the water began to saturate the sand over the slot perforation. The sand directly over the
slot perforation dropped out of the slot perforation when it visually appeared that the sand
was almost fully saturated. The falling sand created a dome shaped cavity in the sand over
the slot perforation. As the downward air flow was increased, more sand dropped out ot
the slot perforation and the cavity size increased accordingly. When downward air tlow
was increased even further, the top of the cavity failed and the sand above, which had been
dried by the downward air flow, flowed into the cavity and out the slot perforation. The
walls of the cavity remained stable after the top of the cavity had failed.

Test #94 utilized a degree of water saturation of 18%. The fine sand was
compacted in the visualization model at a void ratio, dry density and relative density of
0.62, 1.68 g/cm3 and 54%, respectively. The fine sand at this saturation showed behavior
similar to the sand in Test #93 when the plug was removed and when subjected to the same
conditions of downward air flow.

The degree of water saturation in Test #95 was 9.0%. The compacted fine sand
had a void ratio, dry density and relative density of 0.64, 1.66 g/cm3 and 45%,
respectively. The fine sand at this saturation showed behavior similar to the sand in Tests
#93 and #94 when the plug was removed and subjected to the same conditions of
downward air flow. After the downward air flow had caused a small amount of sand to
fall out and a dome shaped cavity 1o form over the slot perforation, the visualization model
was tapped with a rubber hammer. This caused sand to fall out of the slot perforation
forming a much larger cavity. Further tapping created larger cavitics to a maximum of 4 cm
high and 2.5 cm wide. When the model was tapped with the hammer, the sand inside the
cavity failed but the failed sand formed a loose bridge over the slot instead of flowing out.

This resulted in additional failed material from the cavity walls building up over the bridge
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formed by previously failed sand. This was the only test in which failed sand from the
walls of a cavity formed a blockage over the slot perforation instead of flowing out.

Test #96 had a degree of water saturation of 3.8% and a void ratio , dry density and
rclative density of 0.61, 1.69 g/cm3 and 58%, respectively. This test showed the same
behavior of initially bridging over the slot perforation after the plug was removed. A
downward air flow was applied and the results were similar to previous tests at higher
saturations.

The degree of water saturation in Test #97 was 1.2%. The fine sand was
compacted in the visvalization model resulting in a void ratio, dry density and relative
density of 0.63, 1.6‘7g/cm3 and 49%, respectively. This test showed the same behavior of
initially bridging over the slot perforation after the plug was removed. This test did not
have a downward air flow applied, but the model was tapped with a hammer. This resulted
in the same behavior observed during tests at higher saturations of causing sand to fall out
of the slot perforation forming a larger arch. The arch would grow in width and height
with successive tapping. Figure 4-6 provides sketches of the typical growth of an arch
formed by partially gas-water saturated fine sand at low gas saturations due to vibration and
Plate 4-4 provides a picture of the arch after a moderate amount of vibration.

The degree of water saturation in Test #98 was 0.56%. The fine sand was placed
in the visualization model at a void ratio of 0.57 and an associated dry density of 1.73
g/cm3. The calculated relative density was equal to 74%. This test showed the same
behavior of initially bridging over the slot perforation after the plug was removed. This test
did not have a downward air flow applicd, but the model was tapped with a hammer.
Tapping the model resulted in behavior similar to tests using higher saturaticns.

Test #100 was performed to confirm the results observed in Test #98. The degree
of water saturation in Test #100 was 0.64% and the void ratio, dry density and relative

density of the compacted fine sand were 0.57, 1.66 g/cm3 and 46%, respectively. This
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test confirmed the findings of Test #98 by provided identical results with the sand forming
an arch over the slot perforation.

Test #99 was performed at a degree of water saturation of 0.29%. The finc sand
was compacted in the visualization model at a void ratio, dry density and relative density of
0.60, 1.70 g/cm3 and 62%, respectively. The fine sand flowed out of the model in a
manner similar to dry sand when the plug was removed. There were small areas of sand
exhibiting cohesion visible in the sand remaining in the model.

Test #101 was performed to confirm the results observed in Test #99. The degree
of water saturation in Test #101 was 0.25%. The compacied fine sand had a void ratio.
dry density and relative density of 0.59, 1.71 ,g/cm3 and 66%, respectively. This test
confirmed the findings of Test #99 by provided identical results with the sand flowing out
of the model.

Test #103 was performed at a degree of water saturation of 0.45%. This degree of
water saturation was chosen because it was positioned approximately at the midpoint
between the degrees of water saturation that showed two distinct behaviors of either flow
or non-flow of sand. The fine sand was compacted in the visualization modc! at a void
ratio of 0.61 and an associated dry density of 1.69 g/cm3. The calculated relative density
was equal to 56%. Initially. this test showed behavior similar to the tests using higher
degrees of water saturation by forming an arch over the slot perforation. However, a slight
vibration caused the test to follow the behavior of the tests with lower degrees of water
saturation by flowing out of the model. Thus, the degrec of water saturation equal 1o
0.45% may lie on the boundary between flow or non-flow behavior. The results of Tests

#93 through #101 and #103 are summarized in Table 4-6.
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4.4.4.2 Oil-Water Saturation Tests

All tests conducted to investigate water-oil capillary action utilized only the fine
sand under conditions of a 20 mm thick and a 12.7 mm (1/2 inch) wide slot perforation and
no confining stress applied. A gear oil with a viscosity of 3600 mPa*s at 25°C was used.
In these tests, water was the wetting fluid and oil was the non-wetting fluid. All tests had a
grain diameter to width of opening ratio of 1:42.3. However, the degree of oil saturation
was varied for each test to determine the effect of interfacial tension forces on sand
stability. In previous tests using a 12.7 mm wide slot perforation, the fine sand flowed
freely through the slot perforation when the sand was either completely dry or completely
water saturated. However, sand with a degree of water saturation of 0.45% exhibited
arching bchavior while sand with a degree of water saturation of 0.25% flowed freely
through the slot perforation. Tests investigating oil-water interfacial tension were
performed using both non-saline and saline water. The saline water was used to duplicate
reservoir conditions and determine if the presence of saline water would affect sand
behavior. Finally, tests which attempted to achieve a constant water flow rate of 17
mL/min in order to model a standard field production rate wcre performed. The procedure
followed during these tests is described in detail in Section 3.3.5.2 Qil-Water Saturation
Tests. Difficulties were encountered in preparing oil/water/sand mixtures that were
completely saturated with oil and water only, due to air entrainment in the mixing process.
This resulted in some gas remaining in the oil/water/sand mixture during testing.
Extraction tests performed at the end of each test allowed the degrees of oil, water and gas

saturation to be calculated.
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4.4.4.2.1 Water-Oil Capillary Results (Nonsaline Water, No Flow)

Test #110 was conducted using only water saturated sand. No oil was present.
Fresh water was used for the nonsaline water tests. The purpose of Test #110 was to
provide a baseline behavior by which the following tests with varying degrees of oil
saturation could be compared. The fine sand was compacted in the visualization model at a
void ratio, dry density and relative density of 0.55, 1.75 g/cm3 and 81%, respectively.
When the plug was removed, the fine sand flowed out the slot perforation in the same
manner observed in previous tests conducted using fully water saturated finc sand. The
fully water saturated fine sand did not form any type of arch structure over the slot
perforation.

The purpose of Tests #112, #113, #114 and #116 was to determine what degree of
oil saturation would cause the sand to arch over the slot perforation. The degree of oil
saturation in Test #112 was 17.1% and the degrecs of water and gas saturation were 68.2%
and 14.7%, respectively. The compacted fine sand had a void ratio, dry density and
relative density of 0.57, 1.71 g/cm3 and 66%, respectively. When the plug was removed,
the sand immediately arched over the slot perforation. The arch that formed was very
stable and tapping the model with a hammer had no effect on arch stability. A sketch of the
typical arch formed by partially oil-water saturated fine sand is presented in Figure 4-7.

The degree of oil saturation in Test #113 was 5.5%. The degrees of water and gas
saturation were 84.7% and 9.8%, respectively The compacted fine sand had a void ratio,
dry density and relative density of 0.55, 1.75 g/cm3 and 81%, respcctively. The finc sand
at this oil saturation showed behavior similar to the sand in Test #112. A small amount of
sand fell out the slot perforation when the plug was removed, followed by the formation of
an arch over the slot perforation. Tapping the model with a hammer did not affect the

stability of the arch. The sand that did pass through the slot perforation fell out in small
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clumps, 2 to 3 mm in diameter. This was unlike dry or completely water saturated sand
flows that consisted of a flow of individual sand grains.

The degree of oil saturation in Test #116 was 3.1% and the degrees of water and
gas satuartion were 94.2% and 2.6%, respectively. The fine sand was compacted in the
visualization model at a void ratio, dry density and relative density of 0.57, 1.73 g/cm3 and
71%. respectively. The results of this test were very similar to the results of Test #113. A
small amount of sand fell out the slot perforation when the plug was removed, followed by
the formation of an arch over the slot perforation. Tapping the model with a hammer did
not affect the stability of the arch. The visualization model was filled with water in order to
determine if a small head of water acting on the sand could destroy the arch. When the
water was added to the visualization model, the arch was destroyed and sand began to flow
out of the slot perforation when the head difference was approximately 2.5 cm.. The flow
of sand through the slot perforation fell out in small clumps, 2 to 3 mm in diameter. This
was unlike dry or completely water saturated sand flows that were a continuous flow of
sand grains.

The degree of oil saturation in Test #114 was 1.0%. The degree of water saturation
was calcualted to be 99.0% indicating that no gas was present in this sample. The
compacted fine sand was placed in the visualization model at a void ratio, dry density and
relative density of 0.57, 1.73 g/cm3 and 74%, respectively. When the plug was removed,
the fine sand flowed out of the slot perforation. The flow of sand out of the model was
similar to what was described in Test #116 but the effect was not as pronounced as the
sand appeared to flow in a more continuous fashion. The results of Tests #110, #112,

#113, #116 and #114 are summarized in Table 4-7.
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4.4.4.2.2 Water-Oil Capillary Results (Saline Water, No Flow)

The purpose of Tests #122B. #124 and #123 was to determine if using water with a
saline concentration similar to reservoir conditions would alter the behavior observed in
Tests #110 to #114 and #116. A saline concentration of 7.2 g/L. was used to represent
general reservoir conditions.

Test #122B was essentially the same as Test #110 except salinc water was used.
Test #122B was conducted using only water saturated sand. No oil was present. The fine
sand was placed in the visualization model at a void ratio of 0.5! and an associated dry
density of 1.79 g/cm3. The calculated relative density was equal to 96%. The presence of
saline water had no effect as the sand flowed out the slot perforation in the same manner
observed when non-saline water was used.

Test #124 was essentially the same as Test #116 except saline water was used. The
degree of oil saturation in Test #124 was 3.3% and the degrees of water and gas saturation
were 95.8% and 0.9%. The compacted fine sand had a void ratio, dry density and relative
density of 0.55, 1.75 g/cm3 and 81%, respectively. Again, the saline water had no effect
on sand behavior. A small amount of sand fell out the slot perforation when the plug was
removed, followed by the formation of an arch over the slot perforation. Tapping the
model with a hammer did not affect the stability of the arch. The visualization model was
filled with water in order to determine if a small head of water acting on the sand could
destroy the arch. The arch was destroyed and sand began to flow out of the slot
perforation when the head difference was approximately 1.0 cm.. The flow of sand
through the slot perforation fell out in small clumps, 2 to 3 mm in diameter.

Test #123 was essentially the same as Test #114 except saline water was used. The
degree of oil saturation in Test #123 was 1.4%. The degrec of water saturation was 98.6%
indicating no gas was present within the sample. The fine sand was compacted in the

visualization model at a void ratio, dry density and relative density of 0.53, 1.77 g/cm3 and
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89%, respectively. Again, the saline water had no effect. When the plug was removed,
the fine sand immediately flowed out of the slot perforation. The flow of sand out of the

model was similar to the results described in Test #114. The results of Tests #122B, #124,

and #123 are summarized in Table 4-7.
4.4.4.2.3 Water-Oil Capillary Results (Nonsaline Water, Flow Applied)

The purpose of Tests #118, #119, #121 and #122 was to place fine sand in the
visualization model at a specific degree of oil saturation and apply a flow of water to the
model, such that a flow rate of 17 mL/min was passing through the sand. A flow rate of
17 mL/min corresponds to a production rate of § m3/day from a casing interval 5 metres
high, perforated at 39 shots per metre. Tests #118 and #119 used a water flow system
controlled by a flow meter connected directly to a tap. Tests #121 and #122 had
manometers attached during the test and used a constant head tank as a water flow system.
Fresh water was used during these tests.

The degree of oil saturation used in Test #118 was 3.8% and the degrees of water
and gas saturation were 93.9% and 2.3%, respectively. The fine sand was placed in the
visualization model at a void ratio of 0.55 and an associated dry density of 1.75 g/cm3.
The calculated relative density was equal to 81%. As the plug was removed, a low water
flow was applied to the visualization model. The sand flowed out of the model as soon as
the plug was removed. In earlier tests without water flow, the sand formed an arch over
the slot perforation. The sand that flowed out of the model created a failure void with a
parabolic shape that extended from the top of the slot perforation to the top of the sand.
The failure void was approximately 3 cm wide at mid-height and at the top of the sand.
The sand flowed out of the visualization model in clumps rather than in a continuous flow.

The degree of oil saturation in Test #119 was 41.2%. The degrees of water and gas

saturation were 38.6% and 20.2%, respectively. The fine sand was compacted in the
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visualization model at a void ratio, dry density and relative density of 0.63, 1.66 g/cm3 and
45%, respectively. When the plug was removed, a small quantity of sand moved through
the slot perforation. A low water flow was initiated, causing clumps of sand to fall through
the slot perforation. The flow rate was immeasurable at this time. Eventually, the water
forced a failure void to form through the sand. The failure void had the same general shape
described in the results of Test #118.

The degree of oil saturation in Test #121 was 4.9% and the degrees of water and
gas saturation were 92.0% and 3.1%, respectively. The compacted fine sand had a void
ratio, dry density and relative density of 0.55, 1.75 g/cm3 and 81%, respectively. The
manometers showed a quick response when the constant head tank was adjusted indicating
reliable readings could be attained from the manometers. The flow system was sct at a
hydraulic gradient of 6.0 and the plug was removed. The sand flowed out the slot
perforation leaving a failure void similar to what was described in Test #118. Since the
sand immediately flowed out of the visualization model, no manometer readings were
noted.

The degree of oil saturation in Test #122 was 14.2%. The degree of water
saturation was calculated to be 85.8% indicating that no air was present in the sample. The
fine sand was compacted in the visualization model at a void ratio, dry density and relative
density of 0.53, 1.77 g/cm3 and 89%, respectively. The manometers did not show a quick
or accurate response when the constant hcad tank was adjusted. The set-up was left
overnight at a hydraulic gradient of 5.2 in order to allow the manometers to equalize.
However, the manometers failed to equalize indicating they would not provide useful
measurements during the test and no further manometer measurements were taken. With
the flow system set at a gradient of 5.2, the plug was removed. The sand flowed out the
slot perforation leaving a failure void similar to what was described in Test #118.

The attempt to maintain a constant water flow through oil-water saturated sand

proved unsuccessful in all four trials. It was felt that due to high oil viscosity and other
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limiting factors, a constant water flow through oil-water saturated sand would be very
difficult to achieve and therefore, no further trials were performed.

These tests indicate that at degrees of oil saturation ranging from approximately 4%
to 46%, the arches formed over the 12.7 mm wide slot perforation are unable to withstand
water flow through the oil/water/sand mixture. Flow rates proved to be immeasurable
during these tests due to varying circumstances. It should be noted that not only could the
oil/water/sand mixture not sustain the water flow, but also the water flow resulted in the
flow of the oil/water/sand mixture through the slot perforation. These flows of the
oil/water/sand mixture occurred at oil saturations where previously stable arches had been
formed. This would indicate that under field conditions, previously stable arches formed
over perforations by an oil/water/sand mixture may be destroyed by a water flow. The
flow of water would result in the flow of the oil/water/sand mixture through the perforation
and into the borehole.

It was expected that the water would be able to flow through the oil/water/sand
mixturc. However, this was not the case and the forces created by the water flow resulted
in the destruction of the arch. A possible explanation for the ability of the water flow to
destroy the arch is that the flow of water reduced the degree of oil saturation by displacing
the oil from the sand voids, thus resulting in a decrease in the capillary cohesion required to
causc arching. However, the oil has a very high viscosity and it is unlikely the water could
displace enough oil to sufficiently reduce the capillary cohesion.

A sccond more likely explanation is that the presence of the highly viscous oil in the
voids of the sand results in the water having a more difficult time flowing through the sand
mass. The paths for the water to flow through have been decreased or are no longer
continuous due to the presence of the oil. This results in the water not being able to flow
through the sand voids and it then applys pressure on the sand mass. This increase in

pressure results in the destruction of the arch, flow of the oil/water/sand mixture out of the
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visualization model and the creation of a large failure void to allow the flow of water

through the model.

4.5 Index Capillary Cohesion Between Two Fluids in a Sand

In this study, the fall-cone test was used as a strength index test to provide an
estimate of capillary cohesion of the fine sand at varying degrees of gas-water, gas-oil and
oil-water saturations. It was felt that the results of the fall-cone tests could be used as a
relative measure of capillary cohesion. The strength measured by the fall-cone test has
been designated the index capillary cohesion. Due to a variation in sample porositics, all
index capillary cohesions were corrected to a porosity of 35%. A porosity of 35% is
equivalent to a relative density of 85% for the fine sand. It was felt that this porosity would

reflect actual formation conditions near the wellbore and perforations reasonably well.

4.5.1 Index Capillary Cohesion Between Gas and Water in Fine Sand

Gas-water tests used air as the non-wetting fluid and water as the wetting fluid.
The results of these tests are presented in Figure 4-8. It was observed that the index
capillary cohesion increases from 0% o0 40% to a maximum of 8.4 kPa and then decreases
gradually as gas saturation increases to 100%. The dry densitics and relative densitics of

the gas-water index capillary cohesion tests are summarized in Table 4-8.

4.5.2 Index Capillary Cohesion Between Gas and Heavy Oil in Fine Sand
Gas-heavy oil tests utilized air as the non-wetting fluid and oil with a viscosity of

3600 mPa*s as the wetting fluid. The results of these tests are presented in Figure 4-9.

Values of index capillary cohesion at gas saturations below approximately 25% were not
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att.inablc due to difficulties associated with air entrainment in the gas/heavy oil/sand
mixture. Index capillary cohesion increases from 25% to 45% to a maximum of 6.3 kPa
and then decreascs gradually as gas saturation increases to 100%. The dry densities and

relative densities of the gas-heavy oil index capillary cohesion tests are summarized in

Table 4-9.

4.5.3 Index Capillary Cohesion Between Gas and Medium Oil in Fine Sand

Gas-medium oil tests utilized air as the non-wetting fluid and oil with a viscosity of
1300 mPa*s as the wetting fluid. The purpose of using the medium oil was to have a fluid
with a viscosity midway betwcen the very low viscosity of water and the high viscosity of
the 360)0 mPa*s oil in order to determine if fluid viscosity was influencing the fall-cone
measurements. The results of these tests are presented in Figure 4-10. Values of index
capillary cohesion at gas saturations bclow approximately 30% were not attainable due to
difficulties associated with air entrainment in the gas/medium oil/sand mixture. Index
capillary cohesion increases from 30% to 50% to a maximum of 5.5 kPa and then
decrcases gradually as gas saturation increases to 100%. The dry densities and relative
densities of the gas-medium oil index capillary cohesion tests are summarized in Table 4-

10.

4.5.4 Index Capillary Cohesion Between Heavy Oil and Water in Fine Sand
Heavy oil-water tests utilized oil with a viscosity of 3600 mPa*s as the non-wetting

fluid and water as the wetting fluid. The results are presented in Figure 4-11. Values of

index capillary cohesion at water saturations below approximately 40% were not attainable

due to difficulties with air entrainment in the water/heavy oil/sand mixture. It was observed
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that the index capillary cohesion at approximately 40% water saturation was 2.0 kPa.
Index capillary cohesion decreased gradually as water saturation was increased to 100%.

The difficulties regarding air entrainment resulted in some gas remaining in the
water/heavy oil/sand mixture. Extraction tests performed at the end of cach test allowed the
degrees of water, oil and gas saturation to be calculated. The 82% water saturation cone
test had a degree of oil saturation of 16% and a degree of gas saturation of 2%. This test
was performed at a dry density of 1.76 g/cm3 and an associated relative density of 85%.
The 65% water saturation cone test had a degree of oil saturation of 28% and a degree of
gas saturation of 7%. This test was performed at a dry density of 1.74 g/cm? and an
associated relative density of 78%. The 59% water saturation cone test had a degree of oil
saturation of 31% and a degree of gas saturation of 10%. This test was performed at a dry
density of 1.76 g/cm3 and an associated relative density of 85%. The 43% water saturation
cone test had a degree of oil saturation of 43% and a degrec of gas saturation of 14%. This
test was performed at a dry density of 1.78 g/cm3 and an associated relative density of
93%. The 38% water saturation cone test had a degree of oil saturation of 45% and a
degree of gas saturation of 18%. This test was performed at a dry density of 1.73 g/em?
and an associated relative density of 74%. The dry densitics and relative densities of the
heavy oil-water index capillary cohesion tests are summarized in Table 4-11.

The results in Figures 4-8, 4-9, 4-10 and 4-11 are for four different sets of
saturation fluids. In order to compare these curves, it should be noted that magnitudes of
capillary pressures are proportional to the product of the surface tension of the liguid being
used and the cosine of its angle of contact against the solid (Purcell, 1949). The ratio
between the magnitude of capillary pressures for two liquids would then be:

X = surface tension liquid 1 * cosine contact angle of liquid 1 against solid
~ surface tension liquid 2 * cosine contact angle of liquid 2 against solid

That is, the magnitude of capillary pressure of liquid 1 should be approximately X times

greater than the magnitude of capillary pressure of liquid 2.
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The surface tensions and contact angles were measured for water, heavy oil and
medium oil. The surface tension of the water was found to be 0.072 N/m and a contact
angle of 37° was determined. Distilled water should have a contact angle of 0°. Qur
measured contact angle of 37° indicates some impurities were present in the water. The
heavy oil and medium oil had surface tensions of 0.034 N/m and 0.033 N/m, respectively
and contact angles of 39° and 47°, respectively.

These surface tensions, contact angles and the theoretical ratio presented earlier
were uscd to compare the index capillary cohesion curves of gas-water, gas-heavy oil and
gas-medium oil saturations found in Figures 4-8, 4-9 and 4-10. Comparisons of gas-
heavy oil index capillary cohesion values and gas-medium oil index capillary cohesion
values showed good agreement with the theoretical ratio. Comparisons of gas-water index
capillary cohesion values with gas-heavy oil and gas-medium oil index capillary cohesion
values were not as close to the theoretical ratio but still appeared reasonable. These results
indicate that the high viscosity of the hcavy and medium oils may have an effect on fall-
cone measurements. The comparisons between fluid saturations and theoretical ratios are

presented in Table 4-12.
4.6 Capillary Cohesion Direct Shear Tests

Direct shear tests were used to provide a direct measurement of capillary cohesion at
varying gas-water saturations. Fine sand was subjected to direct shear tests and the peak
and residual shear stresses were measured under confining stresses of 0, S, 10 and 15 kPa
at gas saturations of 100, 40 and 20%. A dry density of 1.76 g/cm3 (which corresponds to
a relative density, Dy. of 85% for the fine sand) was used during all the capillary cohesion
direct shear tests with four exceptions. At 100% gas saturation, the 5 kPa confining stress
test was at a dry density of 1.74 g/em3 (Dy = 78%) and the 10 kPa and 15 kPa confining
stress tests were both at a dry den ‘ty of 1.77 g/em3 (Dr = 89%). At the 40% gas
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saturation, the 12.5 kPa confining stress test was at a dry density of 1.78 g./cm3 (Dr =
93%). All capillary cohesion direct shear tests were performed at a shear rate of 0.24
mm/min. The procedure followed during these tests is detailed in Section 3.3.7 Capillary
Cohesion Direct Shear Tests.

All 100% gas saturation capillary cohesion direct shear tests were at a gas saturation
of exactly 100%. The 40% gas saturation capillary cohesion direct shear tests had a slight
variation in degree of gas saturation. Tests at 0.5, again at 5, 10, 12.5 and 15 kPa were at
gas saturations of 41.5, 40.5, 42.4, 41.6, 41.3 and 41.0%, respectively. The 209 gas
saturation capillary cohesion direct shear tests also had a slight variation in degree of gas
saturation. Tests a1t 0, again at 0, 5, 10 and 15 kPa were at gas saturations of 21.7, 21.4,
21.3, 21.7 and 21.4%, respectively.

The results of these direct shear tests arc summarized in Table 4-13. The peak and
residual angles of internal friction for the fine sand at 100% gas saturation was 40° and 35°,
respectively. Both the peak and residual capillary cohesion was zero. The peak and
residual angles of internal friction for the fine sand at 40% gas saturation was 38 and 29°,
respectively. The peak and residual capillary cohesions (y-intercept) were 3.5 kPa and 1.5
kPa, respectively. The associated peak and residual negative pore pressures (x-intercept)
were 4.5 kPa and 2.7 kPa, respectively. The peak and residual angles of internal fricuon
for the fine sand at 20% gas saturation was also 38° and 29°, respectively. The peak and
residual capillary cohesions (y-intercept) were 3.0 kPa and 1.9 kPa, respectively. The
associated peak and residual negative pore pressures (x-intercept) were 3.8 kPa and 3.4
kPa, respectively. Peak shear strength versus normal stress is plotted in Figure 4-12 and
the residual shear strength versus normal stress is provided in Figure 4-13. It should be
noted when examining Table 4-13 and Figures 4-12 and 4-13 that the results of the 100%.
gas saturation tests are in terms of effective stress, while the results of the 40%. and 20%.
gas saturation tests are in terms of total stress as pore pressure was not measured. Plots of

shear stress versus shear displacement and specimen thickness changes versus shear
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displacement for the finc sand under gas saturations of 100, 40 and 20% are presented in
Appendix B.

The direct shear test results presented in Appendix B merit discussion. In all three
cases, 100, 40) and 20% gas saturations, only a small horizontal displacement was required
to reach the peak shear stress. The horizontal displacement required to reach peak shear
stress was in the range of 0.5 mm to 1.0 mm for all gas saturations and confining stresses.
The total horizontal displacement was sufficient to reach the residual shear strength in all
cases. It should be noted that these direct shear test results are not in agreement with
conventional shear strength characteristics.

Normally, the point of inflection on a specimen thickness change versus horizontal
displacement plot will occur at a horizontal displacement corresponding to the position of
the peak shear stress on the shear stress versus horizontal displacement plot. In all the
dircct shear test results provided in Appendix B, the point of inflection of the specimen
thickness change versus horizontal displacement occurs at very small horizontal
displacements (gencrally in the range of 0.1 mm to 0.3 mm). However, peak shear stress
occurred in the range of 0.5 mm to 1.0 mm.

The capillary cohesion direct shear tests also differ from conventional results in
another aspect. Generally, once the sample has reached residual shear stress, the sample
will be shearing at a constant volume. That is, there will be no change in sample height
once the residual shear stress is reached. In the capillary cohesion direct shear tests, once
the residual shear stress was reached, most samples still indicated a continuing increase in
sample height. These variations from conventional shear strength characteristics may be a
function of the direct shear tests. Stress concentrations at sample boundaries leading to
nonuniform stress concentrations within the test specimen and uncontrolled rotation of
principal planes and stresses are just some of the problematic issues inherit in the direct
shear tests which may lead to the discrepancies observed in the capillary cohesion direct

shear tests compared to conventional shear strength characteristics.
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In all cases, except the dry fine sand under a § kPa confining stress, the increase in
height during shearing is quite small. The increase in height ranges from (.5 mm to0 1.22
mm. This is a small increase in height when compared to the initial height of the samples
of 38 mm and 39 mm. Since all tests exhibit an increase in height, this indicatcs that the
shear band may be growing in thickness. The fine sand was compacted to high relative
densities (78% to 89%) which would result in sand grains dilating when shearing. That is,
sand grains are forced to roll up and over each other, resulting in sand moving upwards
and a small increase in sample height being observed. Only the dry finc sand under a S kPa
confining stress showed a somewhat greater increase in height of 2.5 mm. While this is a
larger increase it is still relatively small with respect to the initial sample height of 39 mm.
Thus, an increase in the shear band thickness may still account for this behavior.

During shearing of the gas-water saturated fine sand, there may be a loss of
capillary cohesion. The fine sand dilates during shearing resulting in sand grains in the
shear band moving farther apart as they roll up and over each other during shear. The
greater separation of the sand grains would result in a larger radius of curvature of the gas-
water interface between sand grains, resulting in lower capillary cohesion. Thus, loss of
capillary cohesion may cause the sample to lose shear strength and approach residual
strength while the sample is still increasing in height.

As well, water may migrate into the shear surface during shearing. The migration
of water may cause some of the voids between the sand grains to become fully water
saturated. This would result in an overall decrease in capillary cohesion. If there was no
increase in shear band thickness or migration of water into the shear band, it is expected
that, similar to the 100% gas saturation tests (with the exception of the S kPa confining
stress test), the sample would shear at a constant volume once the residual stress was
reached.

Direct shear tests on dry fine sand at confining stresses of 50, 150 and 25() kPa and

relative densities of 62, 70 and 81%, respectively, resulted in pecak and residual angles of
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internal friction of 35° and 33° (Figures 3-3 and 3-4, respectively). However, direct shear
tests on dry fine sand performed during the czillary cohesion direct shear tests at confining
stresses of S, 10 and 15 kPa and relative densities of 78, 89 and 89%, respectively,
provided peak and residual angles of internal friction of 40° and 35°, respectively (Figures
4-5 and 4-6, respectively). Comparing peak angles of internal friction, it is known that
sand sheared at higher relative densities results in increased angles of peak internal friction.
All of the tests mentioned above exhibited dilative behavior during shearing.

Oncce the sands have reached a state of residual stress, the sand in the shear band
deforms at constant volume. Thus, the effects of the initial relative density are small, as
seen in the similar residual angles of internal friction obtained from the two sets of tests at
varying relative densities, 35° and 33° (high and low initial relative densities, respectively.)

Most of the above direct shear tests performed on dry fine sand resulted in dilative
behavior of approximately 0.4 mm to 0.5 mm (Figures A-2 and B-2), the exception being
the test at 5 kPa which resulted in an increase in height of 2.5 mm. Figures A-2 and B-2
indicate that dry fine sand at relative densities in the range of 62% to 89% will exhibit
dilative behavior. This is reasonable, since the sands were compacted to a fairly high
degree of relative density and the sand grains would have to dilate during shear.

The stress-horizontal displacement plots of the dry fine sand performed at lower
relative densitics show that peak shear stress is reached at 1.0 mm to 3.0 mm of horizontal
displacement. However, at higher relative densities, the peak shear strength was attained
after only 0.5 mm 1o 1.0 mm of horizontal displacement. Under higher relative densities,
the sand grains are more tightly packed together. Thus, once the direct shear test is

initiated, less horizontal displacement is required for the sand grains to dilate.
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Table 4-8: Dry Densities and Relative Densities of
Gas-Water Index Capillary Cohesion Tests

Gas Saturation Dry Density Relative Density
(%) (_ycm’*3) (chm"3)
100 1.68 54
90 1.77 89
78 1.76 85
68 1.75 81
67 1.76 85
55 1.77 89
42 1.79 96
35 1.79 96
32 1.77 89
23 1.76 85

18 1.71 66
0 1.75 81

Table 4-9: Dry Densities and Relative Densities of
Gas-Heavy Qil Index Capillary Cohesion Tests

Gas Saturation Dry Density Relative Density
(%) (g/cm”3) (g/cm”3)
100 1.68 54
88 1.69 58
76 1.72 70
67 1.73 74
56 1.73 74
51 1.74 78
43 1.76 85
40 1.73 74
39 1.74 78
33 1.75 81
24 1.74 78
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Table 4-10: Dry Densities and Relative Densities of
Gas-Medium Qil Index Capillary Cohesion Tests

Gas Saturation | Dry Density |Relative Density
(%) (g/cmA3) (g/cm”3)
100 1.68 54
89 1.72 70
77 1.74 78
66 1.75 81
52 1.73 74
48 1.76 85
44 1.74 78
40 1.73 74

36 1.81 100
34 1.73 74
33 1.74 78

Table 4-11: Dry Densities and Relative Densities of

Heavy QOil-Water Index Capillary Cohesion Tests

Water Saturation| Oil Saturation | Gas Saturation Dry Density | Relative Density
(%) (%) (%) (g/cm”3) (g/cm”3)
100 0 0 1.68 54
82 16 2 1.69 58
65 28 7 1.72 70
59 31 10 1.73 74
43 43 14 1.73 74
38 45 18 1.74 78
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Table 4-12: Index Capillary Cohesion Magnitude Comparison

Fluid Saturation Comparison

Gas Sauration Gas-Water/ Gas-Water/ Gas-Heavy O1l/
(%) Gas-Heavy Qil Gas-Medium Qil | Gas-Medium Oil

30 1.9 2.3 1.2

40 1.5 1.8 1.2

50 1.3 1.5 1.2

60 1.3 1.4 1.1

70 1.3 1.4 1.1

80 1.4 1.6 1.2

Theoretical Ratio 2.2 2.6 1.2
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Table 4-13: Capillary Cohesion Direct Shear Tests

(Fine Sand - Gas/Water Saturation)

Gas Peak Angle of Peak Residual Angle | Residual
Sauration | Intermal Friction | Capillary of Internal Capillary
Cohesion Friction Cohesion
(%) ) (kPa) @) (kPa)
100 40 0 35 0
40 38 3.5 29 1.5
20 38 3.0 29 1.9
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Figure 4-1: Sketch of Semispherica!l Cavity Formed in Fine Sand During
Water Flow With First Visualization Model in Horizontal Orientation
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Figure 4-3: Typical Arch Formed By Dry Coarse Sand
Over a § mm Wide Slot Perforation
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Figure 4-5: Apparent Water Velocities of Fully Saturated Water
Flow Test and Durrett et al. (1976) Fluidization and Critical
Transport Velocities
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Figure 4-6: Typical Growth of an Arch Formed By Partially
Gas-Water Saturated Fine Sand at Low Gas
Saturations Due to Vibration
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Figure 4-7; Typical Arch Formed By Partially Qil-Water
Saturated Fine Sand at Low Water Saturations
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Figure 4-12: Peak Shear Stress vs. Normal Stress - Direct

Shear Tests
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Figure 4-13: Residual Shear Stress vs, Normal Stress - Direct
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Plate 4-2: Dry Fine Sand Without Confining Stress Applied
Flowing Through S mm Wide Slot Perforation
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Stable Arches Formed By Dry Coarse Sand

Over S mm Wide Slot Perforation

.
.

Plate 4-3
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Plate 4-4: Stable Arch Formed By Partially Gas/Water Saturated
Fine Sand at a Gas Saturation of 98.8% Over 12.7 mm Wide
Slot Perforation
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§. Analysis of Experimental Results

The results from the visualization model tests, index capillary cohesion tests and
capillary cohesion direct shear tests discussed in the previous chapter were analyzed in
terms of assessing the influence of each of the following variables on sand flow through
well casing perforations: sand particle size and perforation diameter, shape and roughness
of perforation opening, sand porosity, confining stress, flow conditions through sand and
perforations and capillary cohesion between two fluids in a sand. The influence of cach

variable on sand arching will be discussed in the following sections.

§.1 Sand Particle Size and Perforation Diameter

One of the first conclusions reached based on tests using the first and sccond
visualization models was that uniform dry sand, under no confining stress. will exhibit no
arching behavior until the slot perforation width is less than four times the sand grain
diameter. The fine sand and 5 mm wide slot perforation used in Test #1a with the first
visualization model had a grain diameter to width of opening ratio of 1:16.7. The fine sand
did not exhibit arching behavior at this ratio. These results were confirmed using the fine
sand and the second visualization model at the same grain diameter to width of opening
ratio in Test #2.

The medium sand and 5 mm wide slot perforation usced in Test #1b with the first
visualization model had a grain diameter to width of opening ratio of 1:4.2. Similar to the
behavior of the fine sand, the medium sand did not display arching behavior at this ratio.
These results were verified by the results of Test #3, employing the medium sand and the
second visualization model at the same grain diameter to width of opening ratio.

The coarse sand and 5 mm wide slot perforation used in Test #14 with the first

visualization model had a g-ain diameter to width of opening ratio of 1:3.1. Unlike the fine



and medium sands at higher ratios, the coarse sand exhibited arching behavior. These
results were confirmed using the coarse sand and the second visualization model in Test
#4. Test #5 was conducted using coarse sand and a 12.7 mm (1/2 inch) wide slot
perforation with the second visualization model. The grain diameter to width of opening
ratio was 1:7.9. Similar to results using finc and medium sand, when the slot perforation
width was greater than four times the sand grain diameter, the coarse sand did not exhibit
arching behavior. It should be noted in the evaluation of test data that the fine sand is
representative of sand found in the field and therefore of the most interest. The medium
and coarse sands were used only to determine the effect of sand particle size on arching
behavior.

Using a 11.1 mm diameter perforation, Hall and Harrisberger (1970) observed that
a 10-20 mesh (D5( = 1.4 mm) angular sand, under no confining stress, formed arches of
slight stability or not at all at a grain diameter to width of opening ratio of 1:9.4. They also
observed that rounded, 20-40 mesh (D50 = 0.63 mm) and 80-100 mesh (D50 = 0.17 mm)
sand, under no confining stress, would not arch at grain diameter to width of opening
ratios of 1:20 and 1:68. respectively. This supports the conclusion that uniform, rounded,
dry fine sand, under no confining stress, will only exhibit arching behavior when the grain
diameter to width of opening ratio is less than four. Howzver, increased angularity and
coarsencss of sand grains increases the shear strength of sand. This allows angular and
coarse sand to form arches at larger grain diameter to width of opening ratios than rounded
and fine saad.

Fully watcr saturated fine and medium sand at grain diameter to width of opening
ratios of 1:16.7 and 1:4.2, respectively, under hydraulic gradients of 1.1 but no confining
stress, did not exhibit arching behavior. However, coarse sand under identical conditions,
except for a grain diameter to width of opening ratio of 1:3.1, exhibited arching behavior.
The behavior of the sand in these tests is comparable to tests using dry sand even though a

hydraulic gradient was applied to the fully water saturated tests.
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As discussed above, several tests were performed to evaluate the ability of dry and
fully water saturated fine, medium and coarse sands under no confining stress to form
arches over a slot perforation. The results of these tests indicated that only the coarse sand
would form an arch over a 5 mm wide slot and no sands formed arches over a 12.7 mm
wide slot. Results of these tests are summarized in Table 5-1. The observation that
uniform sand, under no confining stress, will exhibit no arching behavior until the slot
width is less than four times the sand grain diameter .cd to the conclusion that for the
formation sand and typical perforation diameters, arching will not occur if there is only one

fluid in the sand.

5.2 Shape and Roughness of Perforation Opening

It was found that varying the slot perforation height from 10 mm to 50 mm had no
influence on dry sand behavior. Increasing the height of the slot perforation provided a
greater opportunity for the sand grains to form an obstruction along the height of the slot
perforation. Tests #1a and #10 utilizing fine sand and the first visualization model were
identical with the exception of slot perforation heights of 10 mm and 50 mm, respectively.
In both tests, the fine sand did not display arching behavior. An influenze of the increased
slot perforation height was not observable in the behavior of the fine sand.

The influence of increased slot perforation height was checked again in Tests #1b
and #9 employing medium sand and the first visualization model. These tests were
identical except for the use of slot perforation heights of 10 mm and 50 mm, respectively.
Similar to the behavior of the fine sand, no arching behavior was exhibited in either test and
no influence of the increased slot perforation was observed. The coarse sand showed
similar results with increased slot perforation height having no effect.

In summary, the shape of the perforation uscd in this study was a rectangular <lot.

Slot heights from 10 mm to 50 mm high were used to provide a greater opportunity for the
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sand grains to form an obstruction within the slot. The inside of the slot was also varied
from a smooth surface to a rough surface. Regardless of the slot height or surface
characteristics, under test conditions where sand was found to flow through the slot, the
variation of the above variables had no effect on impeding the flow of sand. Arch
structures that did form always did so above the slot and never along the height of the slot.
Results of tests using a 5 mm wide slot are summarized in Table 5-2. It was concluded that

the shape and roughness of the perforation opening had no effect on sand arching.

§.3 Sand Porosity

Porosity (relative density) has an effect on rate of sand flow. Under conditions of
dry sand with no confining stress applied where sand will flow through a slot perforation,
rate of sand flow increases with increased relative density of the sand. It was observed
during tests using the first and second visualization models that in cases where dry sand
flowed continuously out of the visualization model, sand flow rates were higher for sand at
higher relative densities.  Fine sand flowing through a S mm wide slot perforation at
relative densities of 2.7% and 54% had sand flow rates of 15.5 g/sec and 34.5 g/sec,
respectively. Flowing through the same slot perforation width, medium sand at relative
densities of 13% and 39% exhibited sand flow rates of 11.8 g/sec and 23.1 g/sec,
respectively.  An increase in relative density means an increase in shear strength and
dilation occurring during shearing. It was expected that an incrcase in relative density
would result in a decrease in sand flow rate because more work would have to be done
during shearing. However, the opposite behavior was observed and no explanation for
this behavior could be ascertained. An increase in relative density from a very low range of
0 10 15% to a high range of 65 to 85% did not alter the sand behavior with regard to the

occurrence of arching.
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Relative density also has an effect on arch stability. Shear strength is made up of
the grain-to-grain frictional resistance and the work required to make particles move up and
over one another. An increase in the relative density of a sand results in increasced
interparticle resistance and more work required to cause dilation of particles. That is, an
increase in relative density mecans an increase in shear strength. Duc to the increased shear
strength, sand at higher relative densities should create more stable arches than sand at
lower relative densities.

The influence of porosity on fully gas saturated (dry) sand was studicd by
performing laboratory fall-cone tests on dry fine sand. These fall-cone twests prov: © a clear
indication concerning the influence of porosity on shear strength of the dry fine sand. The
dry fine sand was tested at porosities ranging from 43% to 35% (relative densities of 0%
and 85%, respectively) using both the 10g/60° cone and 60g/60° conc. These results are
presented in Figure 5-1. A decrease in porosity from 43% 1o 35% resulted in increases in
shear strength index of only (.18 kPa and 0.36 kPa, using the 10g/60° cone and 60g/60°
cone, respectively. The results of these tests indicate that the porosity of the dry sand mass
has little effect on frictional shear strength measured by the fall-cone test of the fully gas
saturated fine sand, compared to the magnitude of index capillary cohesion measurements
that will be discussed later. Howe.ver, the influence of porosity on the index capillary

cohesion of partially saturated sand is significant and will also be discussed later.
5.4 Confining Stress

Dry fine sand was subjected to confining stresses up to 300 kPa using the third
visualization model in Tests #57 and #64. The grain diameter to width of opening ratio
was 1:16.7 for both tests. It had been concluded earlier that uniform dry sand, under no
confining stress, would not exhibit arching behavior until the slot width was less than four

times the sand grain diameter. The behavior of the dry fine sand. under confining stresses
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up to 300 kPa, was similar to the behavior of the dry fine sand under no confining stress.
The only exception was a change in sand flow pattern from a parabolic shape, when no
confining stress was applied, to a dome shaped flow pattern when a confining stress was
applied. The fine sand did not exhibit arching behavior at this grain diameter to width of
opening ratio and range of confining stresses.

Tests #51, #54 and #65 were conducted using the medium sand subjected to
confining stresses of 100, 200 and 300 kPa, respectively. The grain diameter to width of
opening ratio was 1:4.2 in all tests. This ratio did not meet the condition required to cause
dry sand to display arching behavior under no confining stress. The behavior of the dry
medium sand, under confining stresses up to 300 kPa, was comparable to the behavior of
the dry medium sand under no confining stress. The medium sand did not exhibit arching
behavior at this grain diameter to width of opening ratio and confining stresses. The only
effect was the change in sand flow pattern mentioned earlier.

The coarse sand was subjected to confining stresses up to 300 kPa using the third
visualization model in Tests #58 and #66. The grain diameter to width of opening ratio
was 1:3.1. It was stated earlier that uniform dry sand under no confining stress would not
exhibit arching until the slot width was less than four times the sand grain diameter. These
tests using the coarse sand met this condition for arching behavior. Similar to behavior in
tests with no confining stress, the dry coarse sand exhibited arching behavior at confining
stresses up to 300 kPa. However, it appears to be more difficult to destroy arches formed
under the influence of a confining stress.

Destruction of sand arches can be attained by vibration. In tests involving dry
sand, only the coarse sand formed arches over the slot perforation. The sand arches could
be destroyed by tapping the face of the visualization model with a hammer. The destruction
of the sand arch was followed by a short flow of sand out of the visualization model and
the formation of an new sand arch. This process of sand arch destruction due to vibr: tion

and reformation was present under conditions of no confining stress and confining stresses
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up to 300 kPa. However, arches formed under the influence of a confining stress appeared
more difficult to destroy.

Hall and Harrisberger (1970) observed that a confining stress of 3500 kPa applicd
to fully gas saturated, 10-20 mesh angular sand improved arch stability at a grain diameter
to width of opening ratio of 1:9.4. They presumed the increase in arch stability was due to
higher shear strength. Cleary et al. (1979) supports this conclusion stating that arch
stability increases with increasing horizontal and vertical stress. However, a confining
stress of 13.8 MPa caused failure of the angular sand due to grain crushing. They also
observed confining stresses of up to 13.8 MPa could not induce arching in fully gas
saturated, rounded 20-40 mesh and 8(0-100 mesh sand at grain diameter to width of
opening ratios of 1:20 and 1:68, respectively. The average size of formation sand is (1.2
mm and perforations typically have widths of 12.7 mm (1/2 inch) and 19.1 mm (3/4 inch).
This results in grain diameter to width of opening ratios of 1:64 and 1:96, respectively.

Several other researchers have noted a relationship between arch stability and high
confining stress. Suman (1975) proposed four qualitative stress ranges that describe arch
behavior as a function of load based on the work of Hall and Harrisberger (197()). Range |
is a range of low load acting on the arch. No arch or tenuous arches form and sand flows
in a rolling, sliding motion through perforation openings in this dilatant failure region. All
of the tests where sand flowed through the slot perforation and arches that were formed by
coarse sand under no confining stress would fall into this range. Fluid flow rate sensitive
arches form in Range II under greater arch loads. The arch is in the dilatant failure region
and is sensitive to interfceial tension and sand grain angularity. The greater loads applied to
the arch, create higher inte.paiticle stresses resulting in greater shear strength. Thus, the
arch has greater stability and can withstand certain levels of fluid flow. Tests using coarse
sand under a confining stress which formed arches would fall in*o Range 11. In Range III,
shear strength is sufficient to prevent interlocked sand grains from dilation sufficient to

cause a rolling or sliding failure. This is described as a stable arch region. Arch loads that
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will causc arch failure due to grain crushing are in Range IV. Hall and Harrisberger (1970)
found that dry and water moistened 8-12 mesh angular sand formed arches that failed due
to grain crushing at confining stresses of 13.5 MPa and 14.5 MPa, respectively. As well,
a 30-250 mesh angular sand having a much wider grain size range, formed arches that
failed due to grain crushing under dry and water moistened conditions at confining stresses
of 11.7 MPa and 23.8 MPa, respectively. These results indicate that arch failure due to
confining stress occurs at lower stresses for angular sands than rounded sands and grain
crushing usually accompanies the failure of the angular sand. The failure of these sands
due 1o grain crushing would fall into Range IV. These stress ranges can be used to
describe arch load as a function of depth. Range I would apply to perforations at shallow
depths and Range 1V would correspond to very deep depths with Ranges II and III
reflecting intermediate depths. Based on these ranges, the tests performed in this project
would fall into Ranges I and II. Durreut et al. (1976), Selby and Faroug Ali (1988) and
Islam and George (1991) also point ou: .hat interlocking of grains under confining stress
has an effect on shear strength of formation sands.

To summarize, the influence of confining stress on arching behavior was
investigated. In carlier tests, the fine and medium sands exhibited no arching behavior.
Similar to the behavior observed under no confining stress, the medium and fine sands
under dry conditions and confining stresses up to 300 kPa did not form arches over the slot
perforation. The results of tests using a S mm wide slot are summarized in Table 5-3.

There was a change in the sand flow pattern from a parabolic shape when no
confining stress was applied to a dome shaped flow pattern when a confining stress was
applicd. The parabolic sand flow pattern was observed when no confining stress was
applied to the sand. The shapes of the surfaces of sliding described by Terzaghi (1943) are
very similar to the boundaries of the sand flow indicated on the sketch of the parabolic sand
flow patiern presented in Figure 4-2. The parabolic sand flow pattern described above was

found to be in agreement with Terzaghi's explanation of limited sand movement. The
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change from a parabolic to dome shaped sand flow pattern when a confining stress is
applied may be analogous to sand behavior at shallow depth and sand behavior at deeper
depths. The friction between the sand grains and the walls of the visualization model is
similar to the friction generated in the ficld by stationary sand adjacent to the sand moving
towards the perforation. As well, an increase in vertical stress results in an increase in
horizontal stresses. The increased horizontal stresses acting on the sand results in greater
inte.particle stresses and higher shear strength. The higher shear strength may prevent
sand grains from flowing in the parabolic shape seen under no confining stress. Instead,
the sand grains experience no shearing and move down with the visualization model until
sufficient stresses are applied to overcome the shear strength and force the sand to move in
an ‘v through the slot perforation.

Similar to tests performed with no confining stress. the dry coarse sand exhibited
arching behavior at confining stresses up to 300 kPa when the grain diameter to width of
opening ratio was less than four. Arches may be destroyed by vibration; however, it
appears to be more difficult to destroy arches formed under the influence of a confining
stress. Other related pnblished works indicate that a high confining stress (>3 MPa) can
initiate arching and increase arch stability in angular sand, but confining stresses up o 14
MPa could no: induce arching in rounded sand.

Higher confining stresses result in increased shear strength which results in a high
frictional resistance between sand grains and more work required to cause movement of
sand grains. The effect of increased shear strength is improved arch stability. As well, it is
more difficult for the sand to dilate at higher confining stresses. Thus, sand grains have
greater difficulty sliding and rolling over each other during shear. The dry sand direct
shear tests discussed in Section 3.1.5 support this concept. The volume change behavior
results provided in Appendix A, indicates that the amount of dilation decreased as confining
stress increased for all sands. Dilation decreases because as confining stress increases,

interlocking of particles decrcases. Particles become flattened at contact points, sharp
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corners are crushed and particles break resulting in decreased dilation during shearing. As
well, peak and residual shear strength increased as confining stress increased.

Grain size and shape also have an influence on arch stability. In order for the arch
to fail, the sand grains must dilatc. In some cases the sand grains may simply fall out, but
the majority of sand grains must first slide or roll over adjoining grains. Larger sand grains
would requirc greater degrees of dilation during shearing than smaller grains. Thus, the
stability of arches formed using larger grains would be better. Angular sand grains form
more stable arches than rounded grains because the shear strength of angular grains is
greater. Angular grains can interlock more thoroughly than rounded grains. This results in
higher shear strength and the formation of arches with increased stability.

Confining stress has an influence on rate of sand flow. During tests using the third
visualization model and dry sand with a confining stress applied, it was observed that rate
of sund flow decrcased with increasing confining stress. Send flow rates of 34.5, 28.9
and 7.4 g/scc were measured using dry fire sand flowing through a 5 mm wide slot
perforation at confining stresses of 0, 200 and 300 kPa, respectively. Tests using dry
medium sand at confining stresses of 0, 100, 200 and 300 kPa had sand flow rates of
23.1, 20.3, 15.3 and 15.5 g/sec, respectively. Due to the increased confining stress
applied to the sand, increased interparticle stresses are present and the sand has a greater
shear strength. It may be postulated that the confining stress could be increased to a large
enough value that the intergranular shear strength could prevent sand flow. It is believed
that a confining stress of 7000 kPa would be sufficient to cause the dry fine sand used in
this project to arch over a 12.7 mm (1/2 inch) wide slot perforation. This value of
confining stress was determined by evaluating the behavior of similar sands under high
confining stress presented by other researchers. The dry round sand used by Hall and
Harrisberger (1970) did not exhibit arching at a confining stress of 13.8 MPa. However,
the fine sand uscd in this project was subrounded and is expected to be able to form arches

if the confining stress is high enough. similar to the angular sand used by Hall and
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Harrisberger which was able to form stable arches at high confining stresses. The ability
of the fine sand to form an arch would also be influcnced by the relative density of the sand

with denser sand being able to form an arch with greater case.

5.5 Flow Conditions Through Sand and Perforations

5.5.1 Fully Water Saturated Flow Conditions

A test using saturated coarse sand, a S mm slot, no confining stress and water as a
test fluid was performed. It was found that at a water flow rate of 3.0 L/min, the coarse
sand would form an arch after an initial sand flow. Similar to tests using dry sand. the arch
could be destroyed by tapping with a hammer. The arch was stable as the flow rawe was
gradually increased to a flow rate of 8.3 L/min in 0.4 L/min increments. However, a rapid
increase from a flow rate of 8.3 L/min to 10.2 L/min caused the destruction of the arch ana
the continuous flow of all remaining sand out of the visualization model. Although these
results did not involve the fine sand, they indicate wat a high water {low rate can break
down a sand arch structure.

Hall and Harrisberge. (1970) found that 10-20 mesh dry angular sand under a foad
of 3500 kPa formed an arch over a 11.1 mm diameter perforation. The arch remained
stable when a slow outward air flow was applied, but failed when a faster flow as used.
These results support the conclusion that high ftuid flow rates can destroy a sand arch.

During the fully water saturated water flow test it was observed that the arch
remained stable as the flow rate was gradually increased from 3.0 to 8.3 L/m ver,
a rapid increase from 8.3 to 10.2 L/min caused the destruction of the arcli. cippie and
Kohlhaas (1973) reported similar {indings. They flowed fluid radially througn a sand pack
which was loaded vertically to sirtulate overburden pressure. Flow rates were increased

gradually until sand flowed. The flow was restarted at a low rate and gradually increased
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until sand production occurred. Thus. gradual increases in flow rate result in higher sand
free production when compared to sudden increases to full rate. Itis expected that a rapid
increase of water flow during the initial stages of the fully saturated water flow tests would
have resulted in the destruction of the arch. Tippie and Kohlhaas (op cit) also state that
flow rate influences arch size and stability. Larger arches resulted from higher flow rates.
As well, they observed that smaller sand arches arc more stable and allow a high fluid
viscosity to be reached before failure.

Bratli and Risnes (1981) analyzed the stress due to fluid flow in the sand arches
formed behind perforation openings. They used air as the flowing fluid through a sand
pack near irreducible water content. In an arching experiment, the flow rate was increased
steadily until a small amount of sand was produced suddenly. Further increase of the flow
rate could be made without incident before a new lump of sand blew out. This repeated
itself several times until the rest of the sand in the cylinder suddenly flowed out. The
arches formed were stable in the sense that the flow rate could be reduced to zero and
increased to its former value several times without affecting the arch stability. The flow
ratc used during the fully water saturated flow test was never reduced to zero. However, it
is expected that the flow rate could be reduced to a very low value and increased to its
previous level without causing arch destruction, if the changes in flow ratc were performed
gradually.

Bratli and Risnes also found that the flow rate could be held constant for hours
without causing significant changes. The arch formed during the fully water saturated test
remained stable when subjected to a constant flow rate for extended periods of time. These
results indicate that if a flow rate applied to a stable arch is unable to destroy the arch, sand
free production is possible for prolonged periods of time without affecting arch stability.

Selby and Farouq Ali (1988) observed that when no confining stress was applied,
sand formed arches regardless of different flow rates of 2, 8 and 13.3 mL/min. Sand

arched rapidly at higher flow rates and initial sand production was higher at higher flow
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rates. At high confining stress, arching occurred at a low flow rate of 2 mI/min but not at
higher flow rates.  As well, sand production increased at higher flow rates They
concluded that sand production increases as fluid flow rate is increased. As well, arching
of the sand occurs at low and high flow rates under low confining stress and only at low
flow rates under high confining stress.

Durrett ct al. (1976) provide an explanation regarding transport of sand giains due
to drag forces. Once a stable arch has been formed, the arch will remain established until
the forces tending to break down the arch exceed the forces tending to maintain the arch.
The forces tending to break down the arch are the drag forces of the produced fluid. Fluid
drag forces are made up of skin drag (friction) and form drag (inertia) forces. Skin drag
predominates at low flow rates, while form drag forces are more significant at higher flow
rates. Durrett et al. (1976) point out that as produced fluid flows through a porous body, a
critical velocity is reached where unit pressure loss in hindered flow is sufficient to
overcome the forces tending to maintain the arch. These forces tending to maintain the arch
arc identificd as the holding forces and include intergranular friction forces and capillary
cohesion forces. Capillary cohesion forces are present only when two fluids occupy the
voids of the sand mass.

Durrctt et al. performed tests which allowed them to apply pressure loss to a
projected area of sand particle. This allowed the drag force acting on the particle to be
determined. They state that critical fluidization velocity for a particle has been reached
when the drag forces equal the holding force. They also calculated a critical transport
velocity for sand transport in an open channel (i.e. unhindered flow) that is described by
Stokes' law (scttling of particles). Figure 2-6 shows these fluidization and critical transport
velocities for water flow plotted against grain size.

The flow rates measured during the fully saturated water flow test were converted
to apparent water velocity by dividing these values by the cross-sectional area of the slot

perforation, 30 cm2. These apparent water velocities were plotted (Figure 4-5) against a
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sand size of 1600 microns (the D§Q of the coarse sand) on the fluidization and critical
transport velocity plot presented by Durrett et al. (1976). The dashed lines in Figure 4-5
indicate the full grain size range of the coarse sand. Looking at the upper grain size of
2400 microns, apparent waier velocities of 0.55 ft/sec and 1.51 fUsec (which correspond to
flow rates of 3.0 i./min and 8.3 L/min, respectively) are below the critical transport velocity
for the coarse sa;d. At these apparent water velocities during the fully water saturated
water flow tes:s, the arch created by the coarse sand was stable. However., an increase to
an apparent water velocity of 1.86 {Usec (which corresponds to a flow rate of 10.2 L/min)
was beyond the critical velocity of the coarse sand. Consequently, this increase in apparent
water velocity resulted in the destruction of the previously stable arch. Figure 4-5 indicates
that the larger grain sizes in the coarse sand appear to have the greatest influence on arch
stability to water flow because it is this grain size which exhibits the boundary hetween
flow and nonflow based on critical transport velocity.

Thus, the behavior of the sand observed during these tests with regard to stability
and destruction of arches agrees well with the data presented by Durrett et al. (1976).
Stable arches are broken down when the apparent velocity of the producing fluid, in this
case water, exceeds the critical transport velocity for the sand sizc.

Intergranular friction forces are included in the holding ferces which tend to
maintain the arch. The fully saturated water flow test was performed without a confining
stress applied. Itis expected that a higher water flow rate through the sand may have been
auained if a confining stress had been applied to the sand mass. Confining stress has the
effect of increasing the intergranular forces between sand grains, thereby tending to lock
the sand grains in place. Such was the case during tests with dry sand and confining stress
applied where arches formed at higher confining stresses were more stable. Thus, the
higher intergranular friction forces would have been able to withstand the higher drag

forces of a faster flow rate.
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5§.5.2 Upward Air Flow Conditions

The complete analysis of the upward air flow tests performed during this study is

presented in Appendix C.

§.6 Capillary Cohesion Between Two Fluids in a Sand

In this study, the fall-cone test was used as a strength index test to provide an
estimate of capillary cohesion of the fine sand at varying degrees of gas-water, gas-oil and
oil-water saturations. It was felt that the results of the fall-cone tests could be used as a
relative measure of capillary cohesion. The strength measured by the fall-cone test has
been designated the index capillary cohesion. Due to a variation in sample porosities, all
index capillary cohesions were corrected to a porosity of 35%. A porosity of 35% is
cquivalent to a relative density of 85% for the fine sand. It was felt that this porosity would

reflect initial formation conditions near the wellbore and perforations reasonably well

5.6.1 Capillary Cohesion Between Gas and Water in Fine Sand

Gas-water tests used air as the non-wetting fluid and water as the wetting fluid.
The results of these tests are presented in Figure 4-8. It was observed that the index
capillary cohesion increases with an increase in air saturation from 0% to 40% to a
maximum of 8.4 kPa and then decreases gradually as air saturation increases to 100%.

The ability of the fine sand to arch over a 12.7 mm wide slot perforation under low
gas-water saturations was studied using the visualization model. The results of these tests
showed that fine sand with gas saturations as high as 99.4% exhibit arching at a slot
width/grain diameter ratio of 42. The results of these tests are summarized in Table 5-4.

Thus, with regard to Figure 4-8 and Table 5-4, an index capillary cohesion of
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approximately 1 kPa is sufficient 1o cause sand arching. This magnitude of cohesion
occurs over a range of gas saturation from 1% to 99%.

When the fine sand exhibited arching behavior in the visualization modecl. an air
flow was passed from the top of the visualization model through the sand and out the slot.
When the downward air flow was applied, water originally located around the top of the
model was pushed down towards the bottom of the model and water began to saturate the
sand over the slot. It was concluded that flow of water into partially saturated sand can
cause arch failure by decreasing gas saturation. Hall and Harrisberger (1970) examined e
effects of the flow of the wetting and nonwetting fluids through a sand pack. Arches
remained stable to the outward flow of the nonwetting fluid with the wetting fluid at
residual saturation. However, arches failed when subjected to outward fiow of the wetting
fluid. They point out that the outward flow of the wetting fluid fills the pores of the sand
leaving the nonwetting phase as separated globules existing in the voids. The arch fails as
the cohesion created by the interfacial tension between the two fluids is decreased, because
there are fewer nonwetting fluid-wetting fluid-sand contacts. It may be concluded that flow
of the wetting fluid into a partially saturated sand can cause sand arch failure by decreasing
the nonwetting fluid saturation and thereby decreasing the capillary cohesion present in the
sand.

Direct shear tests were used to provide a direct measurement of capillary cohesion
of fine sand at varying gas-water saturations. Fine sand was subjected to direct shear tests
and the peak and residual shear stresses were measured under confining stresses of (), 5,
10 and 15 kPa at gas saturations of 100, 40 and 20%. A porosity of 35% (relative density
of 85% for the fine sand) was used for all the direct shear tests.

The results of these direct shear tests are summarized in Table 4-13. Peak shear
strength versus normal stress is plotted in Figure 4-12 and the residual shear strength
versus normal stress is provided in Figure 4-13. It should be noted when examining Table

4-13 and Figures 4-12 and 4-13 that the results of the 100% gas saturation tests are in
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terms of effective stress, while the results of the 40% and 20% gas saturation tests are in
terms of total stress as the negative (below atmospheric) pore pressure was i:0t measured.

Figure 4-12 indicates peak angles of internal friction for gas saturations of 100, 40
and 20% of 40°, 38° and 38°, respectively. As well, the fine sand at gas saturations of 100,
40) and 20% had pcak capillary cohesions of 0, 3.5 and 3.0 kPa, respectively and negative
pore pressures of (), 4.5 and 3.8 kPa, respectively. Since the lines of failure in Figure 4-12
for the three different gas saturations are essentially parallel, changes in strength are due to
cohesion effects and not frictional effects. The change in saturation causes the shift in the
lines and is reflected in the negative pore pressures observed at the different gas
saturations. Thus, numerous valucs of capillary cohesion may be obtained by varying gas-
walcer saturations of the fine sand.

Figure 4-13 indicates residual angles of internal friction for gas saturations of 100,
40 and 20%. of 35°, 29° and 29°, respectively. As well, the fine sand at gas sawrations of
100, 40 and 20% had peak capillary cohesions of 0, 1.5 and 1.9 kPa, respectively and
negative pore pressures of 0, 2.7 and 3.4 kPa, respectively. The residual capillary
cohesions measured are less than the peak capillary cohesions for the 40% and 20% gas
saturation tests. It may be postulated that due to the dilation of the sumples during shearing
(as scen in Appendix ), the voids in the sample become larger. This increase in void size
leads to an increased radius of meniscus resulting in lower capillary cohesion. A simple
analogy to the voids between sand grains is the capillarity observed in small glass tubes. In
glass tubes, the height of rise of a liquid is inversely proportional to the diameter of the
tubing; the smaller the inside of the tube, the greater the height of capillary rise (Holtz and
Kovacs, 1981).

The peak capillary cohesion for the fine sand at a gas saturations of 20% and 40%
measured using the direct shear tests were 3.0 kPa and 3.5 kPa, respectively. The fall cone
test provided index capillary cohesions of 3.7 kPa and 8.3 kPa at gas saturations of 20%

and 40%, respectively. The different values of capillary cohesion obtained from the two
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test methods indicates that the fall-cone tests provide a relative measure of capillary
cohesion and not an absolute value. However, the fall-cene index capillary cohesion
values can be used to predict relative magnitudes of capillary cohesion at varying

saturations.

5.6.2 Capillary Cohesion Between Gas and Heavy Oil in Fine Sand

Gas-hcavy oil tests utilized air as the non-wetting fluid and oil with a viscosity of
3600 mPa*s as the wetting fluid. The results of these tests are presented in Figure 4-9
Values of index capillary cohesion at gas saturations below approximately 25% were not
attainable due to difficulties associated with air entrainment in the gas/heavy oil/sand
mixture. Index capillary cohesion increases with an increase in air saturation from 25% to
45% 10 a maximum of 6.3 kPa and then decreases gradually as air saturation increases 1o
100%. The index capillary cohesion required to form an arch (approximately 1 kPa) was
discussed in the previous section. An index capillary cohesion sufficient o cause sand

arching occurs over the full range of gas saturation from above 0% to almost 1(K)%..

5.6.3 Capillary Cohesion Between Gas and Medium Oil in Fine Sand

Gas-medium oil tests utilized air as the non-wetting fluid and oil with a viscosity of
1300 mPa*s as the wetting fluid. The results of these tests are presented in Figure 4-10).
Values of index capillary cohesion at gas saturations below approximately 30% were not
attainable due to difficultics associated with air entrainment in the gas/medium oil/sand
mixture. Index capillary cohesion increases with an increase in air saturation from 30% to
50% to a maximum of 5.5 kPa and then decreases gradually as air saturation increases to

100%. As seen in Figure 4-1, the index capillary cohesion required to form an arch
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fapproximately | kPa) occurs over the full range of gas saturation from above 0% to almost
HY).

By comparing Figures 4-9 and 4-10, the effect of the viscosity of the heavy and
medium oils on index capillary cohesion may be determined. The heavy oil has a viscosity
twice as farge as the viscosity of the medium oil. Both oils have similar index capillary
curves reaching a peak strength in the range of about 5.5 kPa to 6.5 kPa at gas saturations
of 40% 10 S0%.. Thus, the viscosity of the oil used to measure index capillary cohesion
does not appear to have a large effect on the strength measured. The similarity of the
results is due to the fact that regardless of viscosity, all oils have similar surface tension
vilues. The resuits of the gas-heavy oil and gas-medium oil index capillary cohesion tests
confirm this explanation. In light of this conclusion, future tests involving oil as one of the
saturation fluids could be performed with oils having much lower viscosity in order to

avoid the difficultics of using highly viscous oils that were experienced in this study.

5.6.4 Capillary Cohesion Between Heavy Oil and Water in Fine Sand

Heavy oil-water tests utilized oil with a viscosity of 3600 mPa*s as the non-wetting
fluid and water as the wetting {luid. The results are presented in Figure 4-11. Values of
index capillary cohesion at water saturations below approximately 40% were not attainable
due to difficultics with air entrainment in the w. . .ieavy oil/sand mixture. It was observed
that the index capillary cohesion at approxim ely 40% water saturation was 3.0 kPa.
Index capillary cohesion decreased gradually as water saturation was increased to 100%.

The ability of the fine sand to arch over a 12.7 mm wide slot with low heavy oil
saturations was studicd using the visualization model. These test results indicated that fine
sand will arch at water saturations as high as 99.0% over a slot width/grain diameter ratio
of 42. The results of these tests are summarized in Table 5-5. Thus, considering Figure 4-

1T and Table 5-5, sand arching occurs over a range of water saturation from at least 55% to
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99%. It is uncertain whether sand arching would occur at low water saturstions.
However, the magnitude of the index capillary cohesion is small and stability of the sand
arch would be low. Therefore, at low water saturations, stable sand arches ray not
develop.

In order to examine more thoroughly the effect of porosity on index capillary
cohesion, a plot of index capillary cohesion versus porosity for the fine sand under three
conditions is presented in Figure 5-2. These conditions were 40% gas saturation using the
heavy oil as the wetting fluid, 45% gas saturation using the medium oil as the weding fluid
and 100% gas saturation (dry sand). it may be clearly seen that under 1009 gas saturation
(dry sand), changes in intergranular frictional strength duc to porosity variations are
negligible when compared to the cohesion values measured in Figure- 4-8. 4-9, 4-10 and
4-11. When the sand is partially saturated, the change in index capillary cohesion caused
by a variation of porosity is significant. Increased porosity results 1in lower fricuonal
strengths and decreased capillary cohesion strength. However, the change in capillary
cohesion strength is much larger relative to the change in frictional strength, as seen in
Figure 5-2. Thus, the capillary cohesion strength is morz significant in partiaily saturated
sands than the frictional strength.

The results plotted in Figures 4-8, 4-9, 4-10 and 4-11 are for four different sets of
saturation fluids. The magnitudes of these curves have been verified theoretically as well
as experimentally. Capillary cohesion is proportional to the product of the interfacial
tension of the liquid being used and the contact angle against the solid. Using laboratory
measured interfacial tensions and contact angles, the theoretical ratios in strength between
fluid sets were calculated. These ratios agree reasonably well with the experimental
strength ratios for the fall-cone tests and are summarized in Table 4-12. The gas-water/gas-
heavy oil ratios have an average of 1.5 compared to a theoretical ratio of 2.2. Likewise, the
gas-water/gas-medium oil and gas-heavy oil/gas-medium oil have average ratios of 1.7 and

1.2, respectively, compared to theoretical ratios of 2.6 and 1.2, respectively. The variation
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between the measured ratios and the theoretical ratios may be due to inaccuracies in either
the surface tension of the liquid or the contact angle of the liquid against a solid. Surface
tensions of liquid may be determined with a fair degree of accuracy. However,
measurements of the contact angle of a liquid against a solid are considerably more
difficult. It is expected that inaccuracies in the measurement of the contact angle of the
hiquid is responsible for the variation between measured and theoretical ratios seen in Table
4-12.

Hall and Harrisberger (1970) observed under stress conditions where arches were
unstable in dry or saturated sand, arches were stable if immiscibie liquid phases were
present and the wetiing phase saturation was less than funicular (Islam and George, 1991).
When the wetting-phase saturation reaches a funicular state, arches w'll fail. This agrees
well with the failure of arches due to waicr migration (caused by an air flow) to sand just
above the siot perforation observed in this stud;, . Stein and Hilchie (1972), Durrew e al.
(1972). Cleary ct al. (1979), Veeken et al. (1991) and Islam and George (1991) have also
stated that cohesive strength derived from two fluids in a sand plays an important role in
arch stahility.

Durrctt et al. (1976) performed static tensile tests on a simulated formation sand
(D50 = 0.07 mm) at various levels of air-water saturation to determine cohesive strength.
Their measured cohesive strengths are presented in Figure 2-3. Durrett et al. found that
cohesive strength increased from 0 kPa at 0% water saturation as the saturation of the
wetting phase increased to a maximum of 4.8 kPa (0.70 psi) at a water saturation of 80%.
The cohesive strength then decreased to zero as water saturation was increased to 100%.
The direct shear capitlary cohesion tests performed during this study also measured
capillary cohesion at various gas-water saturations. Direct shear tests were performed at
water saturations of 0, 60 and 80% and resulted in measured peak capillary cohesions of 0,
3.5 and 3.0 kPa. respectively. Figure 5-3 is a plot of the results of this study and the

results of Durrett ct al. (1976) for the cohesive strength of a gas-water saturated sand.
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Figure 5-3 reveals that the two sets of results agree reasonably well. This indicates that the
static tensile tests conducted by Durrett et al. provide similar results to the direct shear
capillary cohesion tests performed on gas-water saturated sand.

Durrett .t al. used the cohesive strength measured on the air-water system (o
calculate the cohesive strength for a similar oil-water system having 0.035 N/m interfacial
tension. The cohesive strength of the oil-water system is presented in Figure 2-4. The
curve has a shape similar to the air-water systcm with a maximum cohesive sirength of 2.4
kPa at 80% water saturation. To calculate the cohesive strength of the oil-water system,
Durrett et al. (1976) used a ratio provided by Purcell (1949) based on the magnitudes of
cohesive strength being proportional to the product of the surface tension of the liquid
being used and the cosine of its angle of contact against the solid. The ratio between the
magnitude of capillary pressures for two liquids would then be:

_ surface tension liquid 1 * cosine contact angle of liquid 1 against solid
~ surface tension liquid 2 * cosine contact angle of liquid 2 against solid

That 1s. the magnitude of capillary pressure of liquid 1 should be approximately X times
greater than the magnitude of capillary pressure of liquid 2. Durreut et al. assumed a
surface tension of water of 0.070 N/m and a contact angle of zero and a interfacial tension
of oil of 0.035 N/m and a contact angle of zero. This resulted in a ratio of 2.0. That is, the
calculated oil-water cohesive strengths were half as large as the air-water cohesive
strengths. In this study, the surface tension and contact angle of the water used during the
capillary cohesion direct shear tests were measured as (.072 N/m and 37°, respectively.
The heavy oil had a interfacial tension and contact angle of 0.034 N/m and 39°,
respectively.  These values result in a ratio of 2.18. The calculated peak capillary
cohesions of the oil-water system at water saturations of (), 60 and 80% arc 0, 1.6 and 1.4
kPa, respectively. The calculated cohesive strengths for the respective oil-water systems of

Durrett et al. and this study are plotted in Figure 5-4. Due to the different ratios used to
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calculate the oil-water systems' cohesive strengths there is a slightly increased difference
between the two sets of results. However, the results are still quite similar.

The laboratory testing program undertaken by Golder Associates i.td. (Weaver,
1994) measured apparent cohesion induced by multi-phase pore fluid capillary in a sand
matrix. As well, the influence of porosity and oil-water ratio on the magnitude of apparent
cohesion was iiivestigated. They chose direct shear tests at normal stresses from O to 20
kPa to measure the apparent cohesion. A clean tailings sand with a D5 of approximately
0.2 mm was used along with a mineral oil having a viscosity similar to water for the test
specimens.  Reagent grade deionized water (pH=7) was used in the testing program.
Specimens were water-wet, oil saturated and compacted to a desired porosity.

The first set of tests was on specimens at a Ary density of 15.2 kN/m3 (porosity =
43%) and at 70% oil saturation and 30% water satuiation. These tests resulted in an
apparent cohesion of 4.5 kPa and a curved peak shear strength envelope with a peak secant
friction angle of 46°. The <*ope of the peak shear strength envelope decrcased with
increasing normal effective stress. The constant volume (residual) shear strength envelope
had a friction angle of 43° and zero cohesion. The details of the first set of tests are
summarized in Table 2-3 and Figure 2-8 presents the peak and residual sirength envelopes.

The second set of tests at dry densities of 16.0 kN/m3 (porosity = 40%) and an
oil/water ratio of 70:30 were sheared at normal stresses of 0. 5 and 10 kPa. Similar to the
first sct of tests, a curved peak shear strength envelope was obtained with a peak secant
friction angle of 55° and the peak apparent cohcsion was measured as 4.5 kPa. The
residual shear strength had a friction angle of 39° and zero cohesion. These results led
Golder Associates Ltd. to conclude that porosity of the sand appeared to not have a major
influence on apparent cohesion, in the porosity range used in their testing program. The
details of the second set of tests are summarized in Table 2-3 and Figure 2-9 presents the

peak and residual strength envelopes.
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The third set of tests investigated the influence of the oil/water ratio. Samples had
an oil/water ratio of 50:50 and a dry density of 15.3 kN/m3 (porosity = 43%) and were
sheared at normal effective stresses of 0. 5 and 10 kPa. As in the other sets of tests, a
curved peak shear strength envelope was measured with a peak secant friction angle of 55°.
However, the peak apparent cohesion had a value of 2.7 kPa. The residual shear strength
had a friction angle of 42° and cohesion of zcro. Thus. the reduced oil saturation resulted
in a decrease in the apparent cohesion. The details of the third set of tests are summarized
in Table 2-3 and Figure 2-10 presents the peak and residual strength envelopes.

The peak friction angles for the tests performed at oil/water ratios of 70:30 and
porosities of 43% and 40% were 46° and 55°, respectively.  As expected, decreased
porosity results in higher peak friction angles. The denser the sand, the grester the
expansion which tends to take place during shear and more encrgy must be used to shear
the soil resulting in a higher friction angle. The residual friction angles of the first, second
and third sets of tests were 43°, 39° and 42°, respectively. It was expected that the residual
triction angles for the three tests be similar since after considerable straining of any soil,
inital porosity has no effect on the residual strength of a sand.

The peak friction angles for the tests performed at porositics of 43% and oil/water
ratios of 70:30 and 50:50 were 46° and 55°, respectively. If the changes in strength are due
only to cohesion effects and not frictional effects, the peak friction angles should be
approximately the same and only a change in cohesion should be observed. Poak friction
angles of 40°, 38° and 38° were obtained when direct shear tests were performed on gas-
water sand packs a. gas saturations of 100, 40 and 20%, respectively, indicating that the
change in strength was duce to cohesion effects. As reported above, Weaver's tests do not
follow this trend.

To summarize, they found apparent cohesions of the oil-water saturated sand of 4.5
kPa and 2.7 kPa at water saturations of 30% and 50%., respectively. They performed two

sets «. «wests at 30% water saturation at twe different porosities that resulted in the same
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apparent cohesion leading to the conclusion that porosity (in the range tested) had no major
influence on apparent cohesion. The results of the Golder Associates Ltd. direct shear tests
are also plotted on Figure 5-4.

Weaver's results measured using an oil-water sand pack are somewhat higher than
the results obtained during this study and those obtained by Durrett ct al. (1976) which
were converted from a gas-water sand pack using Purcell's equation. Capillary cohesion
values for oil-water-sand packs were calculated from the direct shear tests performed
during this study on the gas-water-sand packs. Similar calculations were used to convert
the capillary cohesion strengths found by Durrett et al. (1976) using gas-water-sand packs.
Both this study and Durrett et al. gave cohesive strengths up to 2 kPa depending on water
saturation. Actual dircct shear measurements performed by Weaver (1994) gave cohesive
strengths up to 4.5 kPa. Conversion of gas-water capillary cohesion meas rements to oil-
watcr capillary cohesion values using Purcell's equation appears to underestimate the oil-
walter capillary cohesion.  The equation is only an approximation and. if important, the

capillary cohesion should be measured using the appropriate oil-water saturations.
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Table §-1

Effect of Sand Particle Size and
Perforation Diameter
Average 1
-??.:2 Grain aSgyize \si::h \'Vidtsllr(/):;rail.u 77\":1 l:l::
(mm) (mm) | Diameter Ratio

Fine 0.3 5 16.7 Sand Flow

Fine 0.3 12.7 42.3 Sand Flow

Fine 0.3 19.1 63.7 Sand Flow
Medium 1.2 5 4.2 Sand Flow
Medium 1.2 12.7 10.6 Sand Flow
Medium 1.2 19.1 15.9 Sand Flow
Coarse 1.6 S 3.1 Arching
Coarse 1.6 12.7 7.9 Sand Flow
Coarse 1.6 19.1 11.9 Sand Flow
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Table 5-2

Effect of Shape & Roughness of Perforation

(For a § mm Wide Slot)

Average Slot Slot Slot

Sand Grain ) Width/Grain Slot | Sand Flow
. Width . Length .

Type Size Diameter Surface| /Arching

(mm) . (mm)

(mm) Ratio

Fine 0.3 § 16.7 10 Smooth| Sand Flow
Fine 0.3 s 16.7 50 Smooth| Sand Flow
Fine 0.3 s 16.7 10 Rough | Sand Flow
Fine 0.3 s 16.7 50 Rough | Sand Flow
Medium 1.2 5 4.2 10 Smooth| Sand Flow
Medium 1.2 s 4.2 50 Smooth| Sand Flow
Mcdiumny 1.2 5 4.2 10 Rough i Sand Flow
Mcdium 1.2 5 4.2 50 Rough | Sand Flow
Coarse 1.6 5 3.1 10 Smooth| Arching
Coarse 1.6 5 3.1 50 Smooth; Arching
Coarse 1.6 5 3.1 10 Rough| Arching
Coarse 1.6 5 3.1 50 Rough| Arching
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Table §-3

Effect of Confining Stress

(For a § mm Wide Slot)

Average Slot -
. Sl . .1 C ) .
Sand Grain .ot Width/Grain onfining Sand Flow
. Width \ Stress )
Tyvpe Size Diameter [Arching
(mm) ) (kPa)
(mm) Ratio
Fine 0.3 s 16.7 0 Sand Flow
Fine 0.3 s 16.7 1435 Sand FKFlow
Fine 0.3 s 16.7 300 Sand Flow
Medium 1.2 s 4.2 0 Sand Flow
Medium 1.2 s 4.2 1453 Sand Fiow
Medium 1.2 S 4.2 300 Sand Flow
Coarse 1.0 s 3.1 0 Arching
Coarse 1.6 K] 3.1 145 Arching
Coarse 1.6 5 3.1 300 Arching

Page 193




Table §5-4
Gas-Water Low Saturation Tests
S0 Saturation| Grain Sive| Wiath | S0 Flow
(%) (mm) (mm)
Fine 70 0.3 12.7 Arching
Fine 82 0.3 12.7 Arching
Fine 91 0.3 12.7 Arching
Fine 96.2 0.3 12.7 Arching
Fine 98.8 0.3 12.7 Arching
Fine 99.4 0.3 12.7 Arching
Fine 99.7 0.3 12.7 Sand Flow
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Table S5-

5

Heavy Oil-Water Low Saturation Tests

Water A ! ;
Sand er VETage g6t Widthl Sand Flow
Tvpe Saturation| Grain Size (mm) /Arching
Yp (%) (mm) ! &
Fine 83.0 0.3 12.7 Arching
Fine 94.6 0.3 12.7 Arching
Fine 97.0 0.3 12.7 Arching
Fine 99.0 0.3 12.7 Sand Flow
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Figure 5-3: Comparison of Capillary Cohesions Measured
on Gas-Water Systems
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Figure 5-4: Comparison of Capillary Cohesions Measured
on Oil-Water Systems
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6. Conclusions and Recommendations

6.1 Summary

Results of tests using the fine, medium and coarse sand indicate that uniform, dry.
subrounded sand, under no confining stress, will exhibit no arching behavior until the slot
width is less than four times the sand grain diameter. As well, uniform, fully water
saturated, subrounded sand, under no confining stress, follows the same arching criteria
stated above. However, increased angularity, grain size distribution and coarseness of
sand grains increases the shear strength of sand. This allows angular, well graded and
coarse sand to form arches at larger grain diameter to width of opening ratios than round,
uniform, finc sand. A test in the literature indicated that for a uniform, coarser, angular
sand, the sand arches when the perforation diameter was about nine times larger than the
sand. Therefore. for the formation sand subjected to low or no confining stress and typical
perforation diameters where the perforation is 85 times larger than the sand, arching will
not occur if there is orly one fluid in the sand pores.

The shape of the perforation used in this study was a rectangular slot. Slot lengths
from 10 mm to 50 mm long were used to provide a greater opportunity for the sand grains
to form an obstruction within the length of the slot. The inside of the slot was also varied
from a smooth surface to a rough surface. Regardless of the slot length or surface
characteristics, under test conditions where sand was found to flow through the slot, the
variation of the above variables had no effect on impeding the flow of sand. Arch
structures that did form always did so above the slot and never along the length of the slot.
It was concluded that the shape and roughness of the perforation have no effect on sand
arching when subjected to low or no confining stress.

Porosity variations in dry fine sand have little effect on frictional shear strength

measured by the fall-cone tests when compared to the magnitude of index capillary



cohesion measurements. Capillary cohesion is created by the presence of two immiscible
fluids in a sand. The influence of porosity on the index capillary cohesion of partially
saturated sand, however, is significant.

The influence of confining stress on arching behavior was investigated. In carlier
tests, the fine and medium sands exhibited no arching behavior Similar to the behavior
observed under no confining stress, the medium and fine sands under dry conditions and
confining stresses up to 300 kPa exhibited no arching behavior.

However, increased confining stress resulted in decreased sand flow rates through
the perforation. Due to the increased confining stress applied to the sand, increased
interparticle stresses are present and the sand has a larger shear strength. It may be
postulated that the confining stress could be increased to a large enough value that the
intergranular shear strength could prevent sand flow. Such an action may not be true
arching but a bridging phenomena. Other related published works indicate that a high
confining stress (>3 MPa) can initiate arching and increase arch stability in dry angular
sand, but confining stresses up to 14 MPa could not induce arching in dry rounded sand.
It is believed that a confining stress «.{ approximately 7000 kPa would be sufficient to cause
the subrounded, dry, fine sand used in this project to arch over a 12.7 mm (1/2 inch) slot
perforation. This value of confining stress was determined by evaluating the behavior of
similar sands under high confining stress presented by other rescarchers.  As well, a
change in the sand flow pattern from a parabolic shape when no confining stress was
applied to a dome shaped flow pattern when a confining stress was applied occurred.

Similar to tests performed with no confining stress, the dry coarse sand exhibited
arching behavior at confining stresses up to 300 kPa when the grain diameter 1o width of
opening ratio was less than four. Arches may be destroyed by vibration; however, it
appears to be more difficult to destroy arches formed under the influence of a confining

stress.
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A stable arch subjected to gradually increased fluid flow rates remained stable until
a high fluid flow rate was applied. Thus, a high fluid flow rate can break down a sand
arch. As well, gradual rate increases result in higher sand free fluid production when
compared to sudden increases to full rate. Work by Tippie and Kohlhaas (1973) support
this conclusion. Other related published works indicate that a low fluid flow rate results in
smaller arches that are more stable and a high fluid flow rate results in larger arches that are
less stable.

Hall and Harrisberger (1970) stated that air drawn into dry, rounded sand allowed
the formation of arches at grain diameter to width of opening ratios that previously failed to
induce arching. They concluded that the drag force on the surface grains gave enough
restraint to initiate an arch. The same types of tests performed with the visualization model
indicated that when sufficient upward air flow was applied, sand flow through the slot
perforation stopped. However, it has been concluded that this stoppage of sand flow is not
an arching phenomena. Instead, it is believed that fluidization of the sand grains above the
slot perforation duc to upward air velocities exceeding the minimum fluidization velocities
is responsible for stopping the sand flow out of the model. Pressure measurements taken
during these tests support this conclusion.

The capillary cohesion between gas and water in fine sand was investigated. The
index capillary cohesion increases with an increase in gas saturation from 0% to 40% 1o a
maximum of 8.4 kPa and then decreases gradually as gas saturation increases to 100%. An
index capillary cohesion of approximately 1 kPa is sufficient to cause sand arching at slot
width/grain diameter ratios greater than four. This magnitude of cohesion occurs over a
range of gas saturation from 1% to 99%.

Flow of the wetting fluid into a partially saturated sand can cause sand arch failure
by decreasing the nonwetting fluid saturation and thereby decreasing the capillary cohesion
present in the sand. It was found in this study that flow of water into partially saturated

sand can cause sand arch failure by decreasing gas saturation. Other researchers have
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found that arches remain stable when subjected to flow of the nonwetting fluid, but failed
when the wetting fluid was flowed through the sand.

Direct measurements of capillary cohesion at varying gas saturations were obtained
from direct shear tests. Ata gas saturation of 100%, peak and residual capillary cohesions
are both 0 kPa. At a gas saturation of 40%, peak and residual capillary cohesion are 3.5
kPa and 1.5 kPa, respectively. Finally, at a gas saturation of 20%. the peak capillary
cohesion was 3.0 kPa, while the residual capillary cohesion was 1.9 kPa.

The capillary cohesion between gas and heavy oil in fine sand was examined.
Index capillary cohesion increases with an increase in gas saturation from 25% to 45% 10 a
maximum of 6.3 kPa and then decreases gradually as gas saturation increases to 100%. An
index capillary cohesion sufficient to cause sand arching occurs over the full range of gas
saturation from above 0% to almost 100%.

The capillary cohesion between gas and medium oil in fine sand was investigated.
Index capillary cohesion increases with an incrcase in gas saturat'on from 30% 10 50% 10 a
maximum of 5.5 kPa and then decreases gradually as gas saturation increases to 100%.. An
index capillary cohesion sufficient to cause sand arching occurs over the full range of gas
saturation from above 0% to almost 100%.

The capillary cohesion between heavy oil and water in fine sand was examined by
fall cone tests. Index capillary cohesion at 40% water saturation has a value of 3.0 kPa and
then decreases gradually as water saturation increases to 100%. It 1s uncertain whether
sand arching would occur at low water saturations. However, the magnitude of the index
capillary cohesion is small and stability of the sand arch would be low. Therefore, at fow
walter saturations, stable sand arches may not develop.

Capillary cohesion values for oil-water-sand packs were calculated from the direct
shear tests on the gas-water-sand packs. These values and other published values gave
cohesive strengths up to 2 kPa depending on water saturation.  Actual dircct shear

measurements in the literature gave cohesive sirengths up 1o 4.5 kPa. Conversion of gas-
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water capillary cohesion measurements to oil-water capillary cohesion values using
Purcell’s equation appears to underestimate the oil-water capillary cohesion. The equation
is only an approximation and, if important, the capillary cohesion should be measured

using the appropriate oil-water saturations.

6.2 Conclusions

The following variables were investigated to determine their effect on sand flow into

i+ through well casing perforations.

I. Sand Particle Size and Perforation Diameter
* For the formation sand and typical perforation diameters of 12.7 to 19.1 mm, arching
will not occur if there is only one fluid in the sand pores under conditions of low confining

SIress.

2. Shape and Roughness of Perforation Opening
* Shape and roughness of perforation opening has no effect on sand arching at low

confining stress.

3. Sand Porosity
* Porosity variations have little effect on {rictional shear strength of dry. fine sand relative
to the magnitude of index capillary cohesions.

* However, the influence of porosity on partially saturated sand is significant.
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4. Confining Stress

* No arching is exhibited with fine and medium sands at confining stresses up to 300 kPa.
¢ Increased confining stress results in decreased sand flow rates.

* Other related published works '.Jicate that a high confining stress (>3 MPa) can initiate
arching.

* Arch stability increases with increasing confining stress.

5. Flow Conditions Through Sand and Perforations
* A high fluid flow rate can break down an arch.
* Gradual fluid flow rate increases result in higher sand free production compared to

sudden increases.

6. Index Capillary Cohesion Between Gas and Water in Fine Sand

* Index capillary cohesion increases with gas saturation from 0% to 40% rcaching a
maximum of 8.4 kPa, then gradually decreases as gas saturation increases to 1009,

* An index capillary cohesion of =1 kPa is sufficient to cause arching and this magnitude of
index capillary cohesion occurs over a gas saturation range of 1% 10 99%..

* Flow of the wetting fluid into partially saturated sand can cause arch failure by decreasing
the nonwetting fluid saturation and thereby decreasing the capillary cohesion present in the

sand.

7. Index Capillary Cohesion Between Gas and Heavy Oil in Fine Sand

* Index capillary cohesion increases with gas saturation from 25% to 45% rcaching a
maximum of 6.3 kPa, then gradually decreases as gas saturation increases to 1009%,.

* An index capillary cohesion sufficient to cause arching occurs over a gas saturation range

from above 0% to almost 100%.
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8. Index Capillary Cohesion Between Gas and Medium Oil in Fine Sand
* Index capillary cohesion increases with gas saturation from 30% to 50% reaching a
maximum of 5.5 kPa, then gradually decreases as gas saturation increases to 100%.

* An index capillary cohesion sufficient to cause arching occurs over a gas saturation range

from above 0% to almost 100%.

9. Index Capillary Cohesion Between Heavy Oil and Water in Fine Sand

¢ Index capillary cohesion at 40% water saturation is 3.0 kPa, then gradually decreases as
waler saturation increases to 100%.

¢ It is uncertain whether arching would occur at low water saturations, however, the

magnitude of index capillary cohesion is small and stability of the arch would be low.

10. Capillary Cohesion From Direct Shear Tests

* Capillary cohesion values for oil-water-sand packs were calculated from tests on gas-
water-sand packs.

* This resulted in cohesive strengths up to 2 kPa depending on water saturation.

¢ Actual dircct shear tests on oil-water-sand packs gave cohesive strengths of up to 4.5

kPa.

6.2 Recommendations For Further Research

The complexity of the mechanisms of sand production creates a large area suitable
for further rescarch. With regard to laboratory visualization modeling, it is recommended
that a visualization model capable of withstanding very high confining stresses, in the range
of 15 10 20 MPa, but still allowing for the visual observation of sand flow mechanisms at

the perforation, be constructed. This would allow the very high stress ranges cited in work
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by other researchers to be analyzed using the visualization model technique. The ability to
visually examine the sand grains at the perforation would be essential to the model, so a
unique design using transparent material, able 1o withstand high confining stresses, would
be necessary.

With regard to capillary cohesion testing, air entrainment in two oil-water-sand pack
mixtures proved to create difficulties in obtaining low saturations of the wetting fluid,
water. It is recommended that an improved method of mixing of oil and water in sand be
developed so that air entrainment will be avoided and low saturations of the wetting fluid
can be tested.

As well, it is recommended that further capillary cohesion direct shear tests be
performed. Further tests should focus on different degrees of fluid sa'urations, the use of

fluids of different viscosities and different levels of confining stress.
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Appendix A

 Sand Di s
Shear Stress vs. Horizontal Displacement Plots

Increase in Height vs. Horizontal Displacement Plots

Wall Friction Di Shear T
Shear Stress vs. Horizontal Displacement Plots

Increase in Height vs. Horizontal Displacement Plots
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Shear Stress (kPa)

Figure A-1: Shear Stress vs. Horizontal Displacement -
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Increase in Height (mm)

Figure A-2: Vertical Displacement vs. Horizontal
Displacement - Dry Fine Sand
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Shear Stress (kPa)

Figure A-3: Shear Stress vs. Horizontal Displacement -
Dry Medium Sand
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Increase in Height (mm)
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Figure A-4: Vertical Displacement vs. Horizontal
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Shear Stress (kPa)

Figure A-5: Shear Stress vs. Horizontal Displacement -
Dry Coarse Sand
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Increase in Height (mm)
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Figure A-6: Vertical Displacement vs. Horizontal
Displacement - Dry Coarse Sand
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Shear Stress (kPa)
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Figure A-7: Shear Stress vs. Horizontal Displacement -
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Increase in Height (mm)

Figure A-8: Vertical Displacement vs. Horizontal
Displacement - Dry Fine Sand/Plexiglass Interface
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Shear Stress (kPa)
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Figure A-9: Shear Stress vs. Horizontal Displacement -
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Increase in Height (mm)
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Figure A-10: Vertical Displacement vs. Horizontal
Displacement - Dry Medium Sand/Plexiglass Interface
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Shear Stress (kPa)

Figure A-11: Shear Stress vs. Horizontal Displacement -
Dry Coarse Sand/Plexiglass Interface
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Increase in Height (mm)

Figure A-12: Vertical Displacement vs. Horizontal
Displacement - Dry Coarse Sand/Plexiglass Interface
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Appendix B

Capillary Cohesicn Di Shear Tests
Shear Stress vs. Horizontal Displacement Plots

Increase in Height vs. Horizontal Displacement Plots
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Shear Stress (kPa)
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Figure B-1: Shear Stress vs. Horizontal Displacement -
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Increase in Height (mm)

2.5

Figure B-2: Vertical Displacement vs. Horizontal
Displacement - Dry Fine Sand
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Shear Stress (kPa)

Figure B-3: Shear Stress vs. Horizontal Displacement -
40% Gas/60% Water Saturated Fine Sand
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Figure B-4: Vertical Displacement vs. Horizontal
Displacement - 40% Gas/60% Water Saturated Fine Sand
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Shear Stress (kPa)
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Figure B-S: Shear Stress vs. Horizontal Displacement -
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T f’h‘m.

W_W‘Ftrﬁl---
R 5o _FILiCLI ™

1 2 3 4

@ b g e 5

: kPa kPa kPa '
| O 10 ——4— 15

i kPa kPa

L I

Page 229



Increase in Height (mm)
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Figure B-6: Vertical Displacement vs. Horizontal
Displacement-20% Gas/80% Water Saturated Fine Sand
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C.1 Background of Upward Air Flow Tests

The test results of Hall and Harrisberger (1970) that showed that an upward air
flow could cause arching indicated that this procedure could be used to measure the
increasc in intergranular stress and therefore shear strength that was necessary to create
stable arches. A test program was initiated to investigate this phenomena and to determine
how stable arches could be established. Hall and Harrisherger reported that air drawn into
dry, rounded sand allowed the formation of arches at grain diameter to width of opening
ratics ihat previously failed to induce arching. They found this was the case for 20-40
mesh and 80-100 mesh rounded sand at a range of confining stresses from 0 to 14 MPa.
They concluded that the drag force on the surface grains gave enough restraint to initiate an
arch.

The same type of tests were performed using the third visualization model. Air was
uscd as the test fluid and its direction of flow was upward through the slot perforation and
sand, and out the top of the visualization model. When sufficient upward air flow was
applied, sand flow through the slot stopped. Stoppages in the flow of sand were observed
using the fine and medium sands at slot width/grain diameter ratios greater than four, when

previously at these ratios, sand flowed freely through the slot perforation.

C.2 Laboratory Procedure

In order to investigate the results of Hall and Harrisberger (1970), a vacuum pump
was connected to a fitting on the top plate of the visualization model. With this
experimental arrangement, air was used as the test fluid and its direction of flow was
upward through the slot perforation, through the dry sand and out the top of the
visualization mode'. All sands tested in upward air flow tests were completely dry during

testing. The procedure followed regarding visualization model preparation. sand placement
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and model setup when performing tests with upward air flow was the same as the
procedure outlined in Section 3.3.2 Dry Sand With Confining Stress Applied with two
exceptions. The first was that the fitting located in the top plate of the visualization model
was connected to a vacuum pump. The second exception was that the manometer ports
located on the back face of the visualization model were connected 1o a water manometer
board designed to measure air pressure.

To start the test, the plug was removed from the slot perforation by applying a
sharp pull on a siring attached to the plug. Immediately after the plug was removed from
the slot perforation, the vacuum was applied. The magnitude of the vacuum was adjusted
in an attempt to cause a stoppage in sand flow out of the slot perforation. If it was possible
to prevent sand flow by adjusting the vacuum magnitude, the following procedure was
followed. The vacuum magnitude was decreased to a critical rate of upward air flow. The
critical upward air flow rate is defined as the upward air flow at which the sand bridge is
Just about to break down and the sand about to start flowing again. This critical flow was
determined visually by observing movement of sand grains at the slot opening as the
vacuum magnitude was reduced. Once the critical upward flow rate had been established,
manometer readings were taken. At this point the confining stress acting on the sand was
increased. After increasing the confining stress, the stability of the sand bridge was
observed. If the sand bridge remained stable, the vacuum magnitude was decreased again
to find the new critical upward flow rate. Once this new critical flow had been established
another set of manometer readings was taken. The sand bridge was then subjecied to a
vibration by striking the face of the plexiglass box with a rubber hammer and the stability

of the sand bridge was observed.
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C.3 Experimental Results

Tests were performed on the fine, medium and coarse sands in order to observe the
effect of upward air flow on sand flow or nonflow. As well, slot perforation widths of 5

mm and 12.7 mm were used. The slot perforation was 50 mm high for all of the following

tests.

C.3.1 Fine Sand

Test #77 was the first test conducted using dry fine sand and upward air flow. The
purpose of Test #77 was to investigate how the dry fine sand would alter its behavior when
an upward air flow was applied by the vacuum pump. In previous tests without an upward
air flow applied, the fine dry sand flowed through the slot perforation immediately after the
plug was removed. The slot perforation was 5 mm wide resulting in a grain diameter to
width of opening ratio of 1:16.7. The fine sand was compacted in the visualization model
at a void ratio of 0.62 and an associated dry density of 1.67 g/cm3. The calculated relative
density was equal to 49%. No confining stress was applied. When the plug was removed,
the sand flowed continuously through the slot perforation. When the vacuum pump was
activated, sand flow through the slot perforation stopped and a sand bridge formed over the
slot perforation. Turning the vacuum pump off resvlted in resumed sand flow until the
vacuum pump was reactivated. At higher air flows, air could b seen bubbling through the
sand bed towards the top of the sand and a cavity in the shape of an semicircle would form
above the slot perforation. It was also observed that a small fluctuation in upward air flow
could control sand flow or nonflow.

The purpose of Test #78 was to examine the effect of confining stress on the
formation and stability of sand bridges created when an upward air flow was applied.

Again, a 5 mm wide slot perforation was used. The fine sand was compacted in the
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visualization model at a void ratio, dry density and relative density of 0.64, 1.66 g/cm3 and
45%, respectively. A confining stress of 145 kPa was initially applicd. The confining
stress reduced the ability of the upward air flow to stop sand flow as it took a higher air
velocity to cause sand bridging (Table C-2). That is, application of an upward air flow
resulted in no further sand flow, similar to what was observed when no confining stress
was applied. When the sand had formed a bridge over the slot, the confining stress was
increased to 300 kPa. Again, the higher confining stress reduced the ability of the air flow
to stop sand flow.

In Tests #77 and #78 described above, pressure drops were read from a gauge
attached to the vacuum pump. This was not an accurate assessment of the air pressure
within the visualization model. The visualization model was modified by installing
manometers to allow measurement of air pressures within the mode! at different points.
Manometers were installed into the back of the visualization model dircctly above the slot
perforation at a spacing of 0, 2.5, 8 and 16 cm above the top of the slot perforation.

After the manometers were in place, Test #87 was performed under the same
conditions described in Test #78. The compacted fine sand had a void ratio, dry density
and relative density of 0.56, 1.75 g/cm3 and 81%, respectively. The results of Test #87
were very similar to the results of Test #78 with respect to air flow stopping sand flow and
confining stress reducing the ability of the upward air flow to stop sand flow. Air pressure
measurements were taken using the manometers throughout Test #87. An analysis of the
air pressures measured during this test will be discussed in a later section.

The purpose of Test #90 was to determine if the upward air flow could continue to
stop sand flow if a wider slot perforation was used. The slot perforation used was 12.7
mm (1/2 inch) wide. This resulted in a grain diameter to width of opening ratio of 1:42.3.
The fine sand was placed in the visualization model at a void ratio of ().56 and an associated
dry density of 1.75 g/cm3. The calculated relative density was equal 1o 81%. The results

of Test #90 were very similar to the results of Tests #78 and #87, with respect to air flow
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stopping sand flow and confining stress reducing the ability of the upward air flow to stop
air flow. The slot perforation used in Test #90 was 2.5 times wider than the slot
perforation uscd in Test #87 but the air's ability to stop sand flow was unaffected. Air
pressure measurements were taken using the manometers during Test #90 and will be

discussed in a later section. The results of Tests #77, #78, #87 and #90 are summarized in

Table C-1.
C.3.2 Medium Sand

The purpose of Test #75 was to determine if the presence of an upward air flow
would have the same affect of causing a stoppage in medium sand flow that was observed
in a similar test using fine sand. The slot perforation was 5 mm wide resulting in a grain
diameiter to width of opening ratio of 1:4.2. The medium sand was compacted in the
visualization model at a void ratio, dry density and relative density of 0.55, 1.74 g/cm3 and
58%., respectively. No confining stress was applied. When the plug was removed, the
sand flowed continuously through the slot perforation. When the vacuum pump was
activated, sand flow stopped and the sand formed an arch-like structure over the slot
perforation. Turning the vacuum pump off resulted in resumed sand flow untii the vacuum
pump was reactivated. Small fluctuations in upward air flow could control sand flow or
non-flow. The results of this test were very similar to results obtained in Test #77 which
was cssentially the same, except fine sand was used.

The purpose of Test #76 was to examine the effect of confining stress on the
formation and stability of arches created when an upward air flow was applied. The same
slot perforation width was as in Test #75. The compacted medium sand had a void ratio,
dry density and relative density of 0.55, 1.74 g/cm3 and 58%, respectively. A confining
stress of 145 kPa was initially applied. The application of the upward air flow resulted in a

stoppage of sand flow. The confining stress reduced the ability of the upward air flow to
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stop sand flow. When the sand had formed a bridge over the slot, the confining stress was
increased to 300 kPa. Again, the higher confining stress reduced the ability of the air flow
to stop sand flow.

In Tests #75 and #76 described above, pressure drops were read from a gauge
attached to the vacuum pump. This was not an accurate assessment of the air pressure
within the visualization model. As mentioned carlier, the visualization model was modificd
by installing manometers to allow measurement of air pressures within the model at
different points.

After the manometers were in place, Test #91 was performed under the same
conditions described in Test #76. The medium sand was compacted in the visualization
model at a void ratio, dry density and relative density of 0.51, 1.79 g/em3 and 79%.,
respectively. The results of Test #91 were very similar to the resulis of Test #76 with
respect to air flow stopping sand flow and confining stress reducing the ability of the
upward air flow to stop sand flow. However, air pressure measurements taken using the
manometers throughout Test #91 indicated that the manometers were not operating properly
for this test. Thus, no pressure measurements are available for this test.

The purpase of Test #88 was to determine if the upward air flow could continue to
stop sand flow if a wider slot was used. The slot perforation was 12.7 mm (1/2 inch) wide
and 50 mm high. This resulted in a grain diameter to width of opening ratio of 1:10.6.
The compacted medium sand had a void ratio, dry density and relative density of 0.51,
1.79 g/cm3 and 79%, respectively. A confining stress of 145 kPa was applied. When the
plug was removed, the sand flowed freely out the slot perforation. The upward air flow
was not able to stop the flow of the medium sand when a 12.7 mm (1/2 inch) wide slot
perforation was used. The slot perforation used in Test #88 was 2.5 times wider than the
slot perforation used in test #91. This increase in slot width rendered the upward air flow
incapable of stopping the free flow of sand out of the model. The results of Tests #75,

#76, #91 and #88 are summarized in Table C-1.

Page 237



C.3.3 Coarse Sand

The purpose of Test #79 was to examine how the application of an upward air flow
would effect the behavior of the coarse sand. In previous tests, the coarse sand arched
over a slot perforation 5 mm wide but flowed through a slot perforation 12.7 mm (1/2 inch)
wide. Test #79 was performed with a slot perforation 5 mm wide resulting in a grain
diameter to width of opening ratio of 1:3.1. The coarse sand was compacted in the
visualization model at a void ratio of 0.62 and an associated dry density of 1.68 g/cm3.
The calculated relative density was equal to 63%. The confining stress was initially set at
145 kPa and was later increased to 300 kPa. No differences in behavior of the coarse sand
or in the formation and destruction of arches were observed from Test #58, which was
conducted earlier without upward air flow applied. The results of Test #58 are described in
detail in Section 4.8.1.3 Coarse Sand.

The purpose of Test #89 was to determine if the application of an upward air flow
could induce arching in the coarse sand over a 12.7 mm (1/2 inch) wide slot perforation.
The resulting grain diameter to width of opening ratio was 1:7.9. The compacted coarse
sand had a void ratio of 0.58 and an associated dry density of 1.72 g/cm3. The calculated
relative density was equal to 80%. The confining stress was set at 145 kPa. When the
plug was removed, the sand flowed freely out the slot perforation. The upward air flow
was not able to stop the flow of the coarse sand when a 12.7 mm (1/2 inch) wide slot
perforation was used. The behavior of the coarse sand was very similar to a previous test
which did not employ upward air flow. Thus, the upward air flow had no effect on the
behavior of the coarse sand. The results of Tests #79 and #89 are summarized in Table C-

1.
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C.4 Analysis of Experimental Results

In this study, tests were performed to investigate the results of Hall and
Harrisberger (1970). It should be pointed out that the upward air flow tests performed
during this study had some significant shortcomings. A suitable method of measuring flow
rate was not used and a smoke tracer did not provide an effective means of measuring the
flow path and cross-sectional arca of air flow through the sand bed. Despite these
shortcomings, several important observations were obtained during these tests. It was
theorized that instead of the upward air flow providing enough restraint to cause sand
arching over the slot perforation as suggested by Hall and Harrisberger (1970), the sand
above the slot perforation was being fluidized. An indication as to which phenomena was
occurring is if there is upward movement of sand particles just prior to the formation of an
arch. If an upward movement of sand particles can be observed, it can be concluded that
the bed is being fluidized. This is because the velocity of air flow must be greater than the
minimum fluidization velocity for this to occur. This was observed in Test #77, as air
bubbles formed above the slot perforation and flowed upward through the sand to the top
of the sand at flow rates just above the minimum flow rate required to form the arch. A
possible explanation for the arch shape observed above the slot perforation is that the
increased pressure due to the high air velocity at the slot perforation pushes (fluidizes) the
sand grains against the rest of the sand bed forming an arch shape. However, the entire
sand bed does not move upwards because it is confined by the piston resting on top of the
sand. In other words, the sand above the slot perforation is being fluidized and the arch
shape is the top half of an air bubble that would move upward through the sand if the
piston resting on top of the sand was not present.

Fluidization of the bed occurs when the drag force caused by the upward flow of a
liquid or gas equals the weight of the particles in the bed. The velocity of flow at which

this occurs is called the minimum fluidization velocity and is given as a superficial velocity.
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The superficial velocity is the fictitious velocity of flow considered over the entire cross-
section of the bed (the porosity of the sand is not used to determine flow area). The

minimum fluidization velocity is given by Kunni and Levenspiel (1969) as:

(9d)2 g(ps-p) €3
ume = Togr P52 25
H
where: um{ = minimum fluidization velocity

¢ = sphericity of the particle (0.86 for a round sand)
d = average sand grain diameter

ps = density of the solid particle
p = density of the fluid

H = dynamic viscosity of the fluid
e = void ratio

For the upward air flow tests where manometer readings were taken, the velocity of the air
at the slot perforation may be calculated. If the calculated air velocity is greater than the
minimum fluidization velocity provided by the above equation, fluidization of the sand is
occurring. Unfortunately, reliable manometer readings were only available for Tests #87
and #90 using the fine sand. Thus. the possibility of fluidization occurring will only be
investigated for the fine sand.

Regreutably, the air conductivity of the test sands, which is requii - d to calculate the
air velocity at the slot perforation, was not measured during the upward air flow tests.
However, a measurement of the hydraulic conductivity of the fine sand to water was
available. This water conductivity can be converted to an air conductivity. Amyx (1960)
states that the constant of proportionality of Darcy's Law, k, could be written as K/it,

where o is the viscosity of the fluid and K is the permeability of the medium and is a

property of the medium only. That is:

= IR
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Thus, using a ratio of kairkwater. it may be stated that:

K -
(=2
Kair = kwater T(v‘v%r;
—)
Hwater

Permecability is a property of the medium only and not of the fluids. However, as
described by Klinkenberg (1941) when gas is used as a fluid to measure permeability, the
phenomenon of gas slippage is important. That is, the permeability determined with gases
is dependent upon the type of gas used. The apparent permeability obtained from
permeability tests using gas at different pressures may be extrapolated to infinite pressure
which provides a permeability which is characteristic of the porous medium alone. The
permeability at this infinite pressure is equal to the equivalent liquid permeability.

Ideally, measures of permeability using air at varying pressures should have been
performed on the test sands in order to obtain air and equivalent liquid permeabilitics.
However, these values are not available. Instead, the results of Klinkenberg's core sample
L at a reciprocal mean pressure of 1.0 atm-1 and using nitrogen as a gas were used to
determine Kajr and Kwater (Amyx, 1960). The resulting valucs of Kyjr=4.4 millidarcics
and Kwater=2.8 millidarcies were obtained. Substituting these values into the conductivity
of air equation mentioned earlicr using viscosities of air and water of 1.8x10-5 Pa*s and
1.0x10-3 Pa*s, respectively, results in a kair value which is 87 times greater than kwaier.
That is:

4.4 millidarcies
'1.8x10°3 Pa*s

kair = kwater > g Hlidarcies
1.0x10-3 Pa*s

)

)

Kair = 87*kwater
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Test #87 utilized the fine sand and a 5 mm wide slot perforation. The minimum
fluidization velocity for Test #87 was 0.26 m/sec. The velocity of the air flow at the slot
perforation was calculated using the manometer readings recorded during the test at critical
upward air flows at different confining stresses. The water conductivity of the fine sand
was measured to be 0.045 cm/sec. The equivalent air conductivity is 3.93 cm/sec. The
flow rate of the air, Q, may be determined using the following relationship:

Ah
=kiA=k—A
Q Al

The cross-sectional area of the air flow through the visualization model, A, is unknown
because the flow path of the air through the sand matrix was not visible. Therefore, a
cross-sectional area of air flow must be assumed. Originally, it was assumed that the air
flow covered the entire cross-sectional area of the visualization model (30 cmz). Velocity
of the air at the slot perforation, associated Reynold's numbers and values used to calculate
air flow velocities at critical upward air flows for Test #87 based on this area assumption

arc presented in Table C-2. Velocity of the air flow at the slot, Vg]ot. is determined as

follows:

VS]O[ = Agot

where: Q = air flow rate

Agslot = the cross-sectional area of the slot perforation

All of the calculated air velocities at the slot perforaticn are greater than the minimum
fluidization velocity indicating that fluidization of the sand is occurring. However, the
Reynold's numbers (Reg) for these air flow velocities are outside the Stoke's regime of flow

(laminar flow) and lies in the intermediate regime of flow of 1<Re<1000. If the air is not
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in a laminar flow regime. it may not follow a flow path that will expand to the full cross-
sectional area of the visualization model as originally assumed. Back calculating the
minimum cross-sectional area required to cause fluidization and assuming air will flow
across the entire thickness of the visualization model results in a flow width of 36 mm.
This is a reasonable flow width and results in an assumed cross-sectional area of air flow
of 7.2 cm2. In light of this, the assumption of the width of the air flow pattern was
mod:fied to be equal to 7.2 cm2. The new air flow velocitics calculated using this new arca
assumption are presented in Table C-3. The air flow velocitics at the slot perforation
remain greater than the minimum fluidization velocity indicating that based on these
assumptions, fluidization of the sand is occurring.

Similar calculations were performed for Test #90 which utilized the fine sand and a
12.7 mm wide slot perforation. The minimum fluidization velocity for Test #90 was also
0.26 m/sec. The velocity of the air flow at the slot perforation was calculated using the
manomeler readings recorded during the test at critical upward air flows at different
confining stresses. The required cross-sectional area to achieve the fluidization at the 12.7
mm wide slot perforation was back calculated to be 16.5 cm2. This results in a 81 mm
wide air flow which again is reasonable considering the width of the slot perforation. The
velocity of the air at the slot perforation, associated Reynold's numbers and values used to
calculate air flow velocities at critical upward air flows for Test #90 bascd on the above arca
assumption are presented in Table C-4. Again, the air flow velocitics at the slot perforation
were greater than the minimum fluidization velocity indicating that based on these
assumptions, fluidization of the sand is occurring in this test as well.

The results of Tests #87 and #90 indicate that the upward air flow results in the
fluidization of the fine sand above the slot perforation which is responsible for causing the
nonflow of sand and it is not an arching phenomenon. However, some of the assumptions
used in the above analysis have a significant influence on the calculated velocity of air flow

at the slot perforation. The first of these assumptions is the value of kyjr used in the
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calculations. In order to properly analyze the effects of upward air flow on sand behavior,
the air conductivity of the finc sand under test conditions should be measured.
Permeability tests performed using air at pressures that would be used under tests
conditions would be essential. This would allow the actual air permeability of the fine sand
to be known and would remove the need for a conversion from water to air conductivities.
Itis realized that the permeabilitics of the air and water assumed from Klinkenberg (1940)
in this study, are not exactly representative of the fine sand under test conditions.
However, for most of Klinkenberg's data, the Kair reported is in the range of 1.1 to 1.6
times larger than kwater. It is felt that the kair and kwater values for the fine sand would
also be in this range of values so the assumption of the values provides a reasonable
approximation since the viscosities of water and air have the greatest effect on the air/water
conductivity ratio.

The assumption of the cross-sectional area covered by the air flow as it flowed
through the sand is the second significant assumption. Since the slot perforation is the
same thickness as the inside of the visualization model, it is reasonable to assume that the
air flowed across the entire thickness of the visualization model. Thus, only an assumption
of the width of air flow is necessary. ldeally, a visible smoke tracer or other techniques
which could be placed in the air flow in order to indicate the boundaries of the air flow
should be used. However, this procedure did not work during these tests and a width of
air flow had o0 be assumed. Originally, calculations were based on the assumption that if
the air flow velocity was low enough, air flow would cover the entire cross-sectional area
of the visualization model. However, the calculated Reynold's numbers based on this
assumption indicate air flow was not laminar and that air flow across the entire cross-
sectional arca was not likely. The area of air flow required to cause fluidization was back
calculated for both tests. In both cases, the areas appeared to be reasonable given slot

perforation widths and air flow velocities.
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In order to fully understand the effects of upward air flow on sand behavior, it is
recommended that tests similar to those described above be repeated following the
additional recommendations discussed. This would allow the removal of the troublesome
assumptions present in this discussion and remove any doubt of actual effects of upward
air flow on sand behavior.

Unfortunately, no pressure measurements were available for upward air flow tests
utilizing the medium sand. However, a qualitative assessment of sand behavior based on
minimum fluidization velocity and slot perforation area is possible. The minimum
fluidization velocities for Tests #75, #76 and #91 were 3.9 m/scc, 3.9 m/sec and 2.8
m/sec, respectively. All of these tests were performed with a S mm wide slot perforation.
In all cases, the application of an upward air flow was able to stop sand flow. Presumably,
by fluidizing the sand above the slot perforation. However, even the maximum upward air
flow rate possible was not capable of stopping the flow of medium sand in Test #88 which
utilized a 12.7 mm wide slot perforation. The minimum fluidization velocity for Test #88
was 2.8 m/sec. It may be theorized that since a larger slot perforation arca was used in Test
#88, the upward air flow was not able to achieve a sufficient velocity at the slot perforation
to fluidize the sand. Thus, the sand flowed out of the visualization model. It is expected
that if a source could be found that could apply a larger upward air flow through the
visualization model, the medium sand could be observed to cease flowing through a 12.7

mm wide slot perforation due to fluidization, similar to Tests #75, #76 and #91.
C.5 Conclusions

Hall and Harrisberger (1970) stated that air drawn into dry, rounded sand aliowed
the formation of arches at grain diameter to width of opening ratios that previously failed o
induce arching. They concluded that the drag force on the surface grains gave enough

restraint to initiate an arch. The same types of tests performed with the visualization model
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indicated that when sufficient upward air flow was applied, sand flow through the slot
perforation stopped. However, it has been concluded that this stoppage of sand flow is not
an arching phenomena. Instead, it is belicved that fluidization of the sand grains above the
slot perforation duc to upward air velocities exceeding the minimum fluidization velocities
is responsible for stopping the sand flow out of the model. Pressure measurements taken
during these tests support this conclusion. However, it is recommended that these tests be
repeated following the procedures outlined in the previous section in order to remove any
ambiguity created by the use of assumptions regarding conductivity of the sands to air and

cross-sectional area of air flow.
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