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T-3704
ABSTRACT

Gas migration through annular cement columns has been a 
problem plaguing the petroleum industry since its earliest 
years. Substantial research has been done to determine the 
causes of this problem. More recently, work has centered on 
solutions to the problem, particularly on methods effective 
in controlling filtrate loss. This thesis returns to an 
investigation of the problem itself and a better understanding 
of the gas migration mechanism.

A laboratory model was developed to accurately measure 
gas migration and to evaluate the potential contributing 
factors to this phenomenon. The objective was to identify the 
primary gas migration mechanism and to simulate gas migration 
at both underbalanced and initial overbalanced conditions. 
The model could vary cement column inclinations, allowed for 
easy test cell exchange, and could precisely control air 
injection pressures. A total of six laboratory trials were 
run using this model.

It was found that channeling is the primary mechanism for 
gas migration through cement. Channels were formed when the 
cement slurry density yielded a pressure less than the air 
injection pressure and when the cement slurry density yielded 
a pressure greater than the air injection pressure. 
Channeling activity was random across column cross sections 
and independent of column inclination. A sponge-like cement
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was discovered 24 hours after each test was run. This spongy 
cement was found between areas of channeling activity and 
might indicate that channeling is dynamic.

There was also found to be a correlation between the 
amount of free water available within a cement slurry and the 
degree to which gas channeling occurs. With increased free 
water, the size, the dispersion and the frequency of 
channeling increases. This is true at initial overbalanced 
as well as underbalanced conditions. Excess free water within 
the slurry is a separate phenomenon from filtrate loss and 
hydration. In fact, this study shows that rapid filtrate loss 
from a cement slurry causes the deposition of a cement filter 
cake that, in turn, aids in controlling the flow of gas into 
a wellbore.
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INTRODUCTION

1.1 Problem Statement
The problem of gas migration through annular cement 

columns is a serious and well studied problem. It has been 
established that migration can, and does, take place in 
situations where initial cement slurry hydrostatic pressures 
within an annulus are greater than formation pressures. 
Investigative work has shown that this is a result of cement 
properties and the transition 
from a liquid to a solid.

The accepted theory for 
gas migration through cement 
emphasizes the physical 
condition of the cement 
slurry during the transition 
from a liquid to a solid.
During this time, cement 
hydration and gel-like 
characteristics make the 
cement partially self supporting. As a cohesive unit, full 
hydrostatic pressure is not transmitted throughout the column. 
Figure 1 illustrates this phenomenon. Research has shown that 
this problem is worsened by the availability of excess water 
and filtrate loss.

The Petroleum Industry has concentrated on finding 
solutions to this problem and have been successful to some
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degree. Some of the more widely used techniques are as 
follows:

- Limited cement column height.
- Varied slurry thickening times.
- Pressurized annulus.
- Multi-stage Cementing.
- Increased mix water density.
- Expandable cements.
- Compressible slurries.

The Colorado School of Mines has taken a different tact 
and is, on a more fundamental level, trying to understand the 
failure mechanism itself. This heightened understanding 
should provide valuable insight to the problem of gas 
migration. More specifically, study objectives include the 
following:

1) Investigate the mechanism for gas migration through 
cement.

2) Determine the difference, if any, between gas 
migration in underbalanced columns and gas migration 
in initially overbalanced columns.

3) Evaluate the role other factors might have in 
altering the gas migration mechanism. Specifically, 
wellbore inclination and slurry water content.

2.1 Definitions
Several terms used throughout this text may have several 

meanings. For clarity, the following definitions will be used 
throughout:

Hydrostatic Pressure - The pressure exerted on a fluid 
filled column. Any solids (bentonite, barite, cement, 
etc) suspended within this fluid or settling through the 
fluid at their terminal velocity also contribute to this 
pressure. Any particles that have settled to the bottom 
and are supported by grain-to-grain contact do not 
influence hydrostatic pressure; neither do particles 
supported by the wellbore wall.
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Underbalanced - A condition whereby the hydrostatic 
pressure within a fluid-filled column is less than the 
opposing formation pressure at any given depth.
Overbalanced - A condition whereby the hydrostatic 
pressure within a fluid-filled column is greater than the 
opposing formation pressure at any given depth.
Free water content of cement - For quantification 
purposes, this is defined as the weight of water within 
a slurry mixture as a percentage of dry cement weight. 
It may also be referred to as "weight percent water" 
within the text.
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LITERATURE REVIEW

The problem of gas migration through annular cement 
columns was first recognized as a problem in the early 1960's 
during the cementation of gas storage wells. Early 
investigations into this problem centered on the inability of 
cement to displace mud efficiently and on the poor bonding 
between the cement sheath and the formation face. The primary 
cause of a cement column to ineffectively prevent gas 
communication was considered to be the mud-filter cake. It 
was also observed that poor centralization of the casing 
within the wellbore was a contributing factor.

As early as 1940, Jones and Berdine (1) recommended the 
use of hydraulic jetting, mechanical scrapping and acid 
treatments to reduce the effect of mud cake on gas migration.

In 1970, Carter and Slagle (2) of Haliburton Services 
published a classic paper not only recognizing the importance 
of mud filter cakes but also addressing cement properties as 
a cause of gas migration. Failed cement sheaths and gas 
migration has since remained a topic of concern and continued 
research efforts within the petroleum industry. Carter and 
Slagle investigated the possible effects of density, setting 
time, gelation, de-hydration and bridging within a cement 
column and their possible contributions to the problem of gas 
migration. They concluded that the two most important factors 

were fluid column density and filtration control.
Carter continued his investigations into this problem and
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in 1973 published another paper in conjunction with Clyde 
Cook, also of Haliburton Services (3). Again, the 
recommendations took two forms:

1) First, reduce the inefficiencies caused by mud and 
mud filter cakes through the use of increased
flowrates during displacement, pipe movement, 
increased use of scratchers and good casing
centralization.

2) Second, maintain sufficient head (column density) 
to contain formation pressures and control cement 
filtration.

Haliburton1s interest in gas migration through cement 
columns remained steady through the 1970's with the 
publication of at least four additional papers on the 
subject.(4,5,6,8) The emphasis of these studies centered on 
cement properties and the role they may play in gas migration. 
Case studies and "field trials" of possible solutions make-up 
the bulk of the research efforts. Heavy interest was placed
on the effects of filtration loss and the control of filtrate
loss. The major findings supported earlier work, and it was 
concluded that high filtrate loss causes cement to no longer 
transmit hydrostatic pressure prior to the initial setting of 
the cement. It was also determined that filtration loss up- 
hole can cause uneven slurry setting times and can lead to 
poor hydrostatic communication within a cement column.

Garcia and Clark (7) ran a series of experiments in 1976 
and concluded that gas migration is more likely if cement 
fluid loss or un-even slurry setting takes place high in a 
wellbore. This effectively separates a cement column to where
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it cannot transmit full hydrostatic pressure. Any additional 
fluid loss below the prematurely set slurry is a loss in 
existing head and leads to migration.

In 1979, two papers were presented that offered solutions 
to the gas migration problem. The first, written by Levine 
et al. (10) suggested that the effective density of a cement 
slurry reverts to a fluid gradient equal to that of its mix 
water. A graphical technique was offered to predict gas 
migration and the following solutions were offered:

1) Minimize cement column height
2) Pressurize the annulus
3) Increase the annular mud weight
4) Adjust slurry thickening times
5) Use multi-stage cementing
6) Increase mix water density
7) Pump cement so as to have it set selectively from 

bottom to top
The second paper, by Tinsley et al (9) continued 

Haliburton*s research into gas migration problems. It was the 
first paper to suggest that the introduction of a highly 
compressive phase into the cement slurry would aid in the 
prevention of gas migration. Any reduction in cement slurry 
pore pressure is compensated by the expansion of the 
compressed gas within the matrix.

Also in 1979, Webster and Eikerts (10) wrote a paper that 
deviated from the accepted thinking of the time. Several 
papers had been written on the importance of controlling 
filtrate loss and its importance in controlling gas migration. 
Webster and Eikerts concentrated more on the available free 
water in a cement slurry.



T-3704 7
"Fluid loss can be important when cementing across 
permeable sands, but this parameter is more likely 
controlled by the drilling mud filter cake and mud 
particle invasion than by additives in the cement 
slurry."(8)

They concluded that the reduction of effective cement density
is dependent on the free water content and the angle of
wellbore deviation.

In early 1982, two papers were written that outlined a
"state of the art theory describing the cause of gas flow
following cementing.”(12)(13)

"The theory states that a cement slurry passes through 
a transition state of finite length (30 min to 4 hr) 
between the fluid state and the solid state. While in 
this state of physical transition, the cement is neither 
a fluid nor a solid, and will not transmit hydrostatic 
pressure. Thus, cement hydrostatic pressure controlling 
formation gas is trapped across the formation. Volume 
decrease due to chemical reaction and fluid loss during 
this transition state causes a rapid decrease in the 
trapped pressure. If the pressure in the cement column 
falls below the pore pressure of the gas zone while the 
cement is still in transition, gas can percolate through 
the unset cement. A method of preventing annular gas 
flow (based on the above theory) is to control the flow 
of gas through unset cement by increasing the 
compressibility of the cement slurry. Increasing 
compressibility allows the cement in the transition phase 
to undergo volume decreases without suffering severe 
matrix pressure reduction. Cement compressibility is 
increased by introducing a gaseous phase into a 
conventional cement slurry in the form of small, finely 
dispersed bubbles. The gas is incorporated into the 
cement by addition of a material which generates gas 
bubbles in situ.”

Banister and Shuster (14) of Dowell in 1983 found that
the deposition of a cement filter cake can result in the
prevention of gas migration.

"Cement filter cake deposition at the point of gas 
invasion can hinder gas flow due to the impermeability
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of the filter cake. However, once the filter cake is
penetrated, gas flow becomes uninhibited and rapid."

Banister and Shuster also recognized the potential for using 
chemical additives that, when contacted by gas, form an 
impermeable barrier.

Work continued on the idea of an impermeable cement 
through 1983. Cheung and Myrick (15) published a paper 
discussing the success of an impermeable cement in 84 field 
applications. The cement used for these tests did not 
generate in situ gas as some of the earlier advocates of 
compressible cements claimed. Instead, chemical additives 
prevented the slurry pore space fluids from mobilizing. The 
results yielded a 90.5 % success ratio. This success rate 
applied to various types of primary and secondary cementing 
applications.

At the 60th Annual SPE Technical Conference held in Las 
Vegas in 1985, several papers were presented concerning gas 
migration through cement columns. The first, a continuation 
of Banister's work at Dowell (16) again re-visited the 
problem of filtrate loss. More specifically, the fluid loss 
characteristics through cement filter cake, mud filter cake, 
and finally into the formation. Banister concluded there were 
six critical parameters associated with premature loss of 
pressure after cement placement:

1) Overbalance pressure
2) Wellbore geometry
3) Water-to-Solid ratio
4) Cement fluid loss
5) Mud fluid loss
6) Cement compressibility
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Another paper presented at the 60th Annual SPE Conference 
addressed the use of an expanding cement to improve cement 
bonding and aid in the prevention of gas migration. This work 
concentrated on field applications in the Hobbs Grayburg-San 
Andreas wells. Seidel and Greene (17) concluded that the gas 
migration mechanism in this area was through a micro-annulus.
The expanding cement aided in sealing the micro-annulus and 
controlled gas migration.

Late in 1985, Sepos and Cart (18) of Dowell Schlumberger 
published a paper describing a solution to severe zonal 
isolation problems in Ohio. They developed a quick-setting 
cement capable of achieving 500 psi of compressive strength 
in two hours. This cement experienced a transition time of 
from 3 to 4 minutes. The use of this quick setting cement 
was so successful in controlling gas migration that drilling 
activity was allowed to continue in the area.

In 1987, Lewis of Schlumberger Well Services (19) 
provided a unique solution to the gas migration problem. In 
4 wells in Kern County Wyoming, a salt cement system was used 
successfully to control gas migration.

More recently, Abdalbake (20) found that one mechanism 
for gas migration is gas channeling. He found it was possible 
to form a channel at injection pressures less than hydrostatic 
pressures and speculated that column inclination may play a 
part in the creation of these channels. It is from 
Abdalbake's work that the premise for this study was derived

ARTKua LJiicc urmaar 
COLO&BDO BCïiOOL oi MINES 
G OLD®, COLOMBO 80401
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and where the experimental apparatus was initially developed.

Another recent thesis written at the Colorado School of 
Mines found that wellbore inclination reduces the effective 
pressure felt at the bottom of a cement column. This pressure 
reduction increases with increased wellbore inclination. 
Shipley (21) also found that gas migration flowrates take 
longer to stabilize as wellbore deviation increases and that 
this phenomenon maximizes at an inclination of 40 degrees 
measured from the vertical.
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EXPERIMENTAL WORK

11

3.1 Introduction
It is apparent from the literature review just discussed 

that the exact failure mechanism by which a cement column 
fails to transmit hydrostatic pressures is complex. Most 
investigative work within the industry has focused on ways to 
control this phenomenon and not directly on understanding the 
mechanism by which failure occurs. The recent work undertaken 
at the Colorado School of Mines has begun to investigate this 
failure mechanism. This study is a continuation of that work.

Two batteries of tests were conducted. The first three 
tests were at underbalanced conditions and concentrated on the 
channeling position within a column cross section. The second 
three tests were conducted at initial overbalance conditions. 
These tests corroborated earlier work by forming gas channels 
at injection pressures less than column hydrostatic pressures.
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3.2 Equipment Description

Inclination Mechanism:
A reliable system by which column inclination could be 

measured accurately and changed easily was needed for this 
study. To accomplish this, a wooden frame was constructed 
from 1 x 6  soft pine. The frame was attached to an existing 
work bench capable of accommodating the necessary gauges, flow 
lines, regulators and manometers. The equipment used in this 
study included a 100 psig air compressor, a 30 psi Fairchild 
Model 65 regulator, two 35 cc mercury manometers, a 30 psi 
Duragauge pressure gauge and a wet test meter. All air lines 
were 1/4 in. plastic tubing and liquid flow lines were 3/8 in. 
clear surgical tubing.

A test cell was placed 
along the left side of the 
frame in a rotating clasp.
The clasp was capable of 
supporting a 100 lb test cell 
filled with a cement slurry.
Along the top edge, and down 
the right side of the frame,
1/2 in. pegs were placed 
denoting various inclination 
angles. The placement of 
these pegs was calculated 
using trigonometric functions. Between tests, cells were

cf o *a> O  O »CP

-*o
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Figure 2 :
Mechanism

Inclination
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easily interchanged, and the inclination angle was always 
known. Figure 2 illustrates the inclination mechanism.

Underbalanced Tests:
In previous work, Abdalbake (20) was successful in 

forming gas channels in a deviated wellbore. One objective 
of this study was to investigate these channels in more detail 
and to study the mechanisms by which gas channels form. For 
this reason, Abdalbake's test-cell configuration was also used 
for the first three tests contained in this work.

The model for 
the first three tests 
is shown in figure 3.
It is made from a ten 
foot length of 2 in. 
sch 40 Poly Vinyl 
Chloride (PVC) tubing 
with an inside 
diameter of 2.03 in. .
E a r l i e r  w o r k  
i n d i c a t e d  t h a t  
problems may result 
if the slick inside 
walls of the PVC pipe 
are not sanded. For 
this reason, all test 
cells were constructed with PVC pipe that had been thoroughly

B—

: 10 p s i  "DURAGAUGE "
30 psi

Figure 3: Typical underbalance test
cell and associated equipment.



T-3704 14
sanded inside. A simulated perforâtion-sand system was built 
on the bottom of each cell from a one foot section of 3 in. 
sch 40 PVC. Sand (20-40 mesh) was packed in the annulus
formed by the perforated 2 in. pipe and the outer 3 in. pipe. 
A plug was placed in the bottom of the 2 in. perforated pipe 
to force leak-off and\or gas migration through the sand-pack.

2“ SCHEDULE 

PVC PIPE

SCHEDULE 40 

MESH SCREEN

3" SCHEDULE 

PVC PIPE

1 /4 "  PERFORATIONS 

90 PHASING 

2 " SPACING

SOLID PVC PLUG

Figure 4: Sand pack detail Figure 5:
for underbalanced

Perforation and 
detail fortest screen an

cell. underbalanced test cell.

To prevent sand from entering the perforations, a 40 mesh 
screen was wrapped on the inner 2 in. pipe. Flow detection
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at the top of the test cell was achieved by an in-line bubble 
meter. A 3  in. section of 3/8 in. steel pipe was threaded 
mid-way into the sand pack portion of the cell for air 
injection. Another 3 in. threaded 3/8 in. steel pipe was 
added at the bottom of the 10 foot column just above the 3 in. 
PVC sand-pack to facilitate a hydrostatic pressure gauge.
Each pipe used included a 200 mesh stainless steel screen to
prevent solids migration. Leak-off was collected and measured 
off the bottom of each test cell. Figures 3, 4 and 5 
illustrate a typical test cell used during the underbalanced 
tests.

Overbalanced Tests:
Unlike the test 

apparatus used in tests 1,
2 and 3, the inj ection 
line for tests 4, 5 and 6
was placed at the bottom
of the 10 foot column just 
above the sand-pack.
Another change was in the 
construction of the sand- 
pack. These tests used 
cells that consisted only 
of a sand filled one foot 
section of 3 in. PVC pipe.
In test 5 and 6, the sand

30 psi

100 psi AIR

PVC PIPE

Figure 6: Typical overbalance
test cell and associated 
equipment.
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was pre-saturated with water.
In test 4, the sand-pack was 
left unsaturated to allow for 
maximum leak-off from the 
cement column above. The 
bubble meter used for flow 
detection in the first three 
tests was replaced in tests 4 
through 6 with a wet-test

meter. Figures 6 and 7 show Figure 7: Sand pack detail for
an overbalanced test cell.the details of an 

overbalanced test cell.

16
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3.3 Laboratory Techniques and Related Methodology

17

Cement Slurry Density Calculations:
API class G cement was used for all test slurries. 

Mixing was done with a two gallon bakery mixer. Cement 
densities were determined using two independent methods. 
First, a Haliburton Tru-Wate pressurized density balance was 
used to measure slurry densities. Second, empirically derived 
relationships were calculated for water density and cement 
powder density. Because the cement and water were each 
weighed to within a tenth of a gram, the empirical 
relationships were used for all density calculations. The 
error in density measurements was found to be less than 5%.

Several carefully measured volumes of water were weighed 
and averaged to determine density. Laboratory water density 
was found to be 8.434 lbs/gal. With a known water density and 
several Tru-Wate slurry density measurements, a cement density 
could be calculated. Average powder cement densities were 
found to be 27.481 lbs/gal.

Underbalanced Methodology and Techniques:
During each of the first three tests, leak-off was 

measured and allowed to occur freely through the 3/8 in. pipe 
nipple located on the bottom of the sand pack. The leak-off 
valve was open prior to pouring a column of slurry to minimize 
trapped air within the column. During these tests, the sand 
was not saturated with water prior to pouring the column.
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Upon completion of each test, the cement was allowed to 

cure for at least 24 hours. Each cell was then cut into one 
foot sections and each channel was mapped using cross section 
diagrams. These diagrams can be found in Appendix B.

Flow measurement was difficult during these tests because 
of the violence created by gas migration at the top of the 
test cells. The spattering cement plugged the flow lines and 
screens located at the top of each cell. Gas migration and 
the formation of channels was not affected. Mobil (10) 
experienced violent gas bubbling at the top of cement columns 
under similar conditions.

Overbalanced Methodology and Techniques:
Similar methodologies to those described above were 

employed during the overbalanced tests. One difference was 
that filtrate was not collected or measured off the bottom of 
each test cell as was done in the first three test. Test 5 
and 6 each used a saturated sand pack, while test 4 used a dry 
sand bed allowing for maximum leak-off and the creation of a 
cement filter cake.

During these tests, it was necessary to ensure that an 
initial overbalance occurred and that air injection pressures 
were less than slurry hydrostatic pressures. This was 
achieved by allowing cement filtrate to enter the air 
injection line (see figure 8.). With filtrate entering the 
injection line, an equilibrium pressure could be determined. 
Final injection pressures were set at 90% of this equilibrium
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CEMENT F ILTRATE 
A IR CONTACTCEMENT

F I LTRATE

SECT ION

W W W T I  -

3/8" CLEAR 
SURGICAL TUBING

200 MESH 
SS SCREEN

Figure 8: Injection line detail for an underbalance test
cell.

pressure using the following expression:

Pinj = H * .433 + .9 * (Pcmt - (H * .433))
Where:

Pinj = Injection pressure in psi
H = True vertical height in feet

(1) Pcmt = Effective bottom-hole pressure in psi
= .0519*H*CD 

CD = Cement density in Ibm/gal
(1) Note: The value of Pcmt was both calculated and

determined using the value given by the 
manometer when filtrate migration into the 
injection line was equilibrated.

Initially, the filtrate gently crept higher into the injection 
line, but as each test progressed, the filtrate changed 
direction and was forced into the cement column. This was an
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obvious indication that the cement column was losing its 
ability to transmit hydrostatic head by allowing filtrate and 
air to enter the column. Just as with the underbalanced 
columns, overbalanced test cells were cut into sections, and 
cross sectional diagrams were drawn. These can also be found 
in Appendix B.
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DISCUSSION OF RESULTS

4.1 Introduction
A total of six trials were run to evaluate the mechanism 

by which gas migrates through cement slurry columns. The 
first three tests were done with sufficient air injection 
pressures so as to ensure gas migration. The second three 
tests were conducted at initial overbalanced conditions. Is 
the migration mechanism the same when initial pressures are 
at overbalance? If there is a difference between the 
migration mechanisms, what is that difference and why is there 
a difference in the way that gas migrates?

4.2 The Gas Migration Mechanism
This study found that gas migration through cement 

columns takes place through channels. Test cells from each 
trial were cut into one foot
cross sections, and
channeling was noted in every 
case that gas migration took 

place. Three observations
were noted as well:

1) Channelling is
random. Figure 9 
shows a typical 
cross section with 
channels appearing 
throughout the 
column. Channels 
begin in the 12 Figure 9: Sketch from lab

sample showing channeling 
form. "“Then "they throughout cross section.when they first
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(after traveling a few feet up-hole) disperse and 
are found randomly throughout the column.

2) Gas channels are the mechanism for migration 
regardless of whether the column is underbalanced 
or initially overbalanced.

3) The formation of gas channels may be a dynamic 
process. When the columns were cut into cross 
sections, gas channels disappear and then reappear 
a few feet up-hole. The area between the 
reappearing channels is a slower setting sponge
like cement. This spongy cement will be discussed 
later.

4.3 Factors Affecting Channeling 
Free Water Content:

The most important variable in the formation of gas 
channels appears to be free water content of the slurry. 
Research in 1979 by Mobil supports this claim. Mobil 
researchers noted an increase in the rate at which 
hydrostatic pressures in a cement column drop with an 
increase in the free water content of the slurry. 11A 
reduction of effective density occurs as the volume of free 
water increases."9 They noted almost no reduction in 
effective density and very slight channeling when a slurry 
with no free water was tested. Mobil has had luck in field 
tests controlling gas flow after cementation by controlling 
the free water available in a slurry. Abdalbake (40) saw 
similar results in his test #5. The work contained in this 
thesis concurs that gas migration is more likely as free 
water content of a slurry increases. This is supported by 
channel size, shape and dispersion noted in tests 1, 2 and 3.
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The most clearly defined and largest channels are found in 
test 1. Test 1 had the highest available free water (58.89 
weight percent water). Test 1 also yielded channels in a 
greater area of each cross section. Tests 2 (49.12 weight
percent water) and 3 (42.59 weight percent water) had
progressively less channeling activity and the channels 
became less dispersed.

Channels formed at initial overbalanced conditions yield 
similar results. Test 5 (45.49 weight percent water) had
less available free water than test 6 (60.12 weight percent 
water) and channeling was less pronounced. As expected, the 
channels found in test 6 were more random, larger, and more 
clearly defined. Sketches of each test cell and all cross 
sections can be found in Appendix B.

Column Inclination:
This study yields no support that column inclination 

plays a significant role in the gas migration mechanism. The 
fact that an inclined wellbore has reduced fluid density 
along its top edge caused by settling cement, does not appear 
to affect gas channeling. In fact, as you move up the hole 
from the injection line, channels no longer form on the upper 
edge. Near the point of injection, all channels initially 
form on the top edge of inclined wellbores. This phenomenon 
is probably due to the reduced fluid density. As the 
channels work their way up-hole, however, a new flow 
mechanism occurs. As the cement begins to set and is in a
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transition phase between a liquid and a solid, channels can 
travel more easily within the transition cement. Test 1 
supports this hypothesis with the channel on the top edge of 
the column near the injection point and with the channel on 
the bottom edge of the column near the surface.

4.4 Other Findings 
Sponge-Like Cement:

As mentioned, sometimes the channels dissipate into 
areas of granular or sponge-like cement, and then form into 
channels again. In every trial, each column was cut into 
cross sections after 24 hours. An area of this sponge-like 
cement was noted whenever gas migration took place. This 
region could be "scooped" with a knife blade while the 
remaining cement in the column was hard and could not be 
scratched with a knife blade. Shipley (41) also noted these 
areas of slower setting cement in his work with inclined 
wellbores.

It may be that the formation of these channels is 
dynamic and that the final condition of the cement column and 
the location of the channels is not constant throughout 
setting. For the channels to re-appear, the zones of spongy 
cement between channel activity must allow air flow (*either 
through a channel or increased porosity or a kind of gas 
bubbling and churning mechanism whereby gas "swaps out" with 
the setting cement).
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Excessive Leak-Off:
Test 5 was conducted at a .74 psi overbalance with 45.49 

weight percent water and gas migration was noted. Test 4 was 
structured with less over balance (.50 psi) and more free 
water (60.16% weight percent water) both more conducive to 
gas migration than those conditions used in test 5. The only 
other difference between these two tests was the rate at 
which leak-off was allowed to take place. In test 5, the 
leak-off rate was held to a minimum by saturating the sand 
pack with water prior to pouring the cement column. The sand 
pack in test 4, however, was left unsaturated, thus allowing 
maximum leak-off. It was concluded that high rates of 
filtrate loss prevented gas migration by the following 
mechanisms :

1) Free water in the column is reduced.
2) A cement filter cake forms directly opposite of the 

injection point.
Work done by Dowell Schlumberger supports the theory 

that cement filter cake caused by excessive leak-off can aid 
in the prevention of gas migration. Dowell's work showed 
that pressure in the middle of a cement column follows the 
expected pattern of effective density falling with time but 
pressure drops at the sand face (after excessive leak-off) 
are very slight. In fact, in one case a pressure drop of 5 
psi across a filter-cake free sand face was enough to cause 
migration while a pressure drop in excess of 100 psi was
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needed to initiate flow across a cement filter cake. A 
caveat offeree! by Dowell ” However, filter-cake deposition as 
a sole means of controlling gas migration is un-reliable 
under down hole conditions."(14)
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CONCLUSIONS

1) The primary mechanism for gas migration is channeling.
2) Channels are formed when the wellbore is either 

underbalanced or initially overbalanced.
3) Channeling activity is random across column cross 

sections and is independent of column inclination.
4) A sponge-like cement was discovered 24 hours after each 

test was completed. This cement separated areas of 
channeling activity in every test that migration 
occurred. It is hypothesized that the spongy cement 
results from dynamic channeling activity throughout the 
curing of the cement. This 1 cement1 does eventually 
set.

OBSERVATIONS

1) Channel size, shape and dispersion increase with an 
increase of free water.

2) Excessive filtrate loss will create a cement filter-cake 
against the sand face that aids in the prevention of gas 
migration. If leak-off is not allowed or if migration 
occurs above the zone of cement filter-cake, gas 
migration is un-affected.
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RECOMMENDATIONS

1) Investigate the role mud contamination plays in a cement 
column's inability to transmit hydrostatic head. 
Especially in situations where contamination is found in 
varying degrees within a wellbore.

2) Further research is needed to investigate the role that 
salt-rich mix water might play in preventing gas 
migration. Two of the most widely used techniques to 
prevent gas migration are expanding cements and 
increased mix water density. Salt achieves both of 
these characteristics.

3) Investigate the sponge-like cement that was discovered. 
Is it a result of dynamic channeling activity?
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APPENDIX A: 
Chronological Lab Notes
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TEST NUMBER: 
TEST ANGLE: 
CEMENT: 
WATER: 
DENSITY:

10 deg. 
8623.5 grams 
5078.7 grams 
14.82 #/gal

TRUE VERTICAL: 10.156 feet

7.80 psia
BOTTOM-HOLE 

PRESSURE:
INJECTION

PRESSURE:
PERCENT
58.89

TIME
* * * * * * * *  
7:30 PM

7:31 PM 
7:33 PM 
7:36 PM

13.33 psia 
WATER WEIGHT:

COMMENTS

TEST NUMBER ONE
LEAK-OFF VERSUS TIME

78 -

88
8

5

2 30 1
TIKE FflOl TEST START (HOURS)

Figure 10: Leak-off vs. Time Test 
Number One

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
Column poured?

-bottom open to allow air to escape 
-top sealed and leak detection equipment set-up 

Hydrostatic gauge reads 5.65 psi
-hydrostatic gauge line filled with cement 

Hydrostatic gauge is removed
-approx 25 ml of cement lost during gauge removal 

Air injection started
-manometer set to 34.53 cm Hg (13.33 psia)
-60 ml of leak-off prior to injec*-; on

7:44 PM Leak-off 68 ml
7:45 PM Manometer adjusted up .4 cm to 34 .53 cm
7:53 PM Leak-off 71 ml
7:55 PM Manometer adjusted up .4 cm to 34 .53 cm
7:58 PM Small flow at top ?????
8:00 PM Leak-off 71.5 ml
8.01 PM Manometer adjusted down .3 cm to 34. 53 cm
8:09 PM Leak-off 72 ml
8:10 PM Definite flow at top 

-Manometer adjusted up .2 cm
8:20 PM Flow at top has slowed

-approx 30 sec for bubble to form and flow 
-leak-off at 72 ml 

8:26 PM Flow at top is varied (flowrate not constant)
- measuring time between forming air bubbles 
-7.43 sec 5.74 sec 4.8 sec 
-3.58 sec 4.69 sec 

8:30 PM Leak-off 72 ml
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8:32 PM 
8:35 PM

8:40 PM

8:50 PM

8:53 PM
9:04 PM
9:15 PM 
9:30 PM

flowing 
10:00 PM

10:15 PM

10:30 PM 
10:45 PM

11:00 PM

11:15 PM

11:30 PM

11:45 PM

-manometer adjusted down .2 cm to 34.53 cm 
Time between forming air bubbles 

-3.47 sec 5.09 sec 
No flow at top now

-bubble meter adjusted but still no flow 
-it appears as though "pockets " of air travel up 
the column. This is supported by the fact that 
the
flow tube is currently filled with water 
the next pocket up the column should force 
this water out and flow will resume 

Still no flow at top
-manometer adjusted up .2 cm 
-leak-off 72.5 ml 
-water in flow line 

Flow line now has air bubbling through
-time at bubble meter 6.14 sec 11.38 sec 2 0.87 
sec

Manometer adjusted down .2 cm to 34.53 cm 
leak-off 73 ml 

Water in top flow line
-bubbles at 14.44 sec 19.15 sec 

All is well; I'm starving!!Î 
Small bubbles still flowing

-clamp on hydrostatic gauge line failed 
-25 ml of cement lost? it was still viscous and 

9:45 PM Leak-off 73.5 ml
-manometer adjusted down .5 cm to 34.53 cm 

Leak-off 75 ml
-bubble time 15.49 sec 
-manometer adjusted up .6 cm 

Leak-off 75.5 ml
-bubble time 3.79 sec 
-manometer adjusted down .5 cm 

Leak-off 81 ml
-bubble time 13.11 sec 

Leak-off 84.5 ml
-bubble time 10.04 sec 
-manometer up .4 cm 

Leak-off 85.5 ml
-bubble time 6.14 sec 
-manometer down .5cm 

Bubble meter fluid (soap water) was blown from the 
tube

-when replaced no flow 
-leak-off 87 ml 
-manometer adjusted up .3 cm 

Substantial air flow at top
-no longer necessary to measure bubbles because 
flow is significant 

-maybe I should measure leak-off from top of column 
-it is now apparent that a channel has formed 

Still good flowrate
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-leak-off 88 ml
-manometer adjusted down .3 cm 
-can hear "gurgling" inside column 

12:00 AM Leak-off 88 ml
-manometer adjusted up .3 cm 
-good flowrate 

12:30 AM Air to column shut down
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TEST NUMBER: 2
TEST ANGLE: 30 degrees
CEMENT: 8958.4 grains
WATER: 4400 grains
DENSITY: 15.64 #/gal
TRUE VERTICAL: 7.42 feet
BOTTOM-HOLE

PRESSURE: 6.02 psia
INJECTION

PRESSURE: 10.47 psia
PERCENT WATER WEIGHT: 
49.12%

TIME COMMENTS

TEST NUMBER TWO
LEAK-OFF VERSUS TIME

30 -

28 -
26 -

20 -

TIME FROM TEST START (HOURS)

Figure 11: Leak-off vs. Time Test
Number Two

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
2:50 PM Column poured ;

-bottom open to allow air to escape 
-top sealed and leak detection equipment set-up 

3:05 PM Air injection started
-manometer set to 27.13 cm Hg (10.47 psia)

3:07 PM Leak-off 7 ml
-again the hydrostatic gauge at bottom of column 
not working

3:09 PM Leak-off 24 ml
3:15 PM Leak-off 30 ml

-no flow at the top
3:20 PM Leak -off 31 ml 

-still no flow
-hydrostatic gauge is still connected 
reading correct

but not
3:30 PM Leak-off 33 ml
3:40 PM Leak-off 34 ml
3:46 PM Leak-off 34 ml
3:52 PM Manometer adjusted upward .4 cm to 27.13 

-Leak-off 34 ml
cm Hg

4:06 PM Leak-off 34 ml
-manometer adjusted down .2 cm
-a small bubble has formed in bubble meter and 
moved slightly 

4:15 PM A burst of flow (small bubbles) then stopped 
-leak-off 34 ml 

4:18 PM Another burst of flow
-flowrate estimate =35.2 seconds to flow 30 cmA3
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4:23 PM Leak-off 34 ml

-estimated flowrate = 24.2 seconds to flow 40
cubic centimeters

4:30 PM Flow has now stopped
-leak-off still at 34 ml

4:35 PM Leak-off 34 ml
-manometer adjusted upward .1 
-no flow

cm
4:45 PM Leak-off 34 ml

-manometer adjusted upward .4 
-no flow

cm
5:00 PM Leak-off 34 ml 

-no flow
5:10 PM Leak-off 34 ml 

-no flow
-manometer adjusted upward .4 cm

5:25 PM Leak-off 34 ml 
-no flow

5:28 PM Leak-off 34 ml 
-no flow

5:50 PM Leak-off 34.5 ml
-manometer adjusted upward .2 cm

6:15 PM Leak-off 35 ml
-manometer adjusted upward .2 cm

8:00 PM Column is static ; no flow and leak-off steady at
35 ml

-air to column shut down
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TEST NUMBER: 3
TEST ANGLE: 0 degrees
CEMENT: 9979 grains
WATER : 4250 grains
DENSITY: 19.5 #/gal
TRUE VERTICAL:9.668 feet
BOTTOM-HOLE

PRESSURE: 9.78 psia
INJECTION

PRESSURE: 14.81 psia
PERCENT WATER WEIGHT:
42.59% Figure 12: Leak-off vs. Time Test 

Number Three
TIME COMMENTS

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
2:55 PM Column poured

-bottom open to allow air to escape 
-top sealed and leak detection equipment set-up 

3:10 PM Air injection started
-hydrostatic gauge reads 4.55 psi 

3:15 PM Air pressure slacked off to 19.5 cm (7.52 psi) 
-air injection pressure recalculated 

3:20 PM Manometer set to 38.4 cm (14.79 psia)
-hydrostatic gauge reads 8.2 psi 
-leak-off 38 ml 

3:22 PM Leak-off 41 ml
-no flow at top 
-hydrostatic gauge 9.4 psi 

3:30 PM Bubble meter required adjustment
-approx 50 ml of leak-off water removed from top 
of cell

-water was in line to bubble meter and in fluid 
trap
-no flow detected in bubble meter 
-hydrostatic gauge 12.95 psi 
-leak-off 50 ml
-initial plan was to measure leak-off from top 
of cell but

-cant do that now; I do know its substantial 
3:35 PM No flow; bubble meter checked; still getting water 

in line
3:40 PM Some flow noted ; very intermittent 

-hydrostatic gauge 13.5 psi

TEST NUMBER THREE
LEAK-OFF VERSUS TIME59

58
57
56

49
48
47
46
45

40
39
38

TIME FRCM TEST START (HOURS)
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3:45

4: 00

4:10
4:15

4:30

4:36
4:45
5:00

5:15
5:30

5:45

42

PM

PM

PM
PM

PM

PM
PM
PM

PM
PM

PM

-leak-off 52 ml 
Approximate flowrate 8.1 seconds for 10 cmA3 

-leak-off 53 ml 
-hydrostatic gauge 13.5 psi 

Approximate flowrate 6 seconds for 40 cmA3 
-leak-off 55 ml 
-hydrostatic gauge 13.65 psi 

No flow 
Still no flow 

-leak-off 56 ml 
-hydrostatic gauge 13.65 psi 

No flow
-hydrostatic gauge 13.7 psi 
-leak-off 57 ml 

Leak-off 58 ml
-hydrostatic gauge 13.75 psi 

Leak-off 58 ml
-hydrostatic gauge 13.8 psi 

Water standing at top of column. I fear some 
-cement was blown into screen and is now set 
-preventing further flow 
-hydrostatic gauge 13.75 
-leak-off 58.5 ml 

Leak-off 59 ml
-hydrostatic gauge 13.85 psi 

Investigate status of top and condition of bubble 
meter apparatus 

-approx 25 ml of water in line removed.
-a definite plug has formed in screen at top of 

column
-air shut down and hydrostatic gauge dropped to 
6 psi

Hydrostatic gauge now reads 3.5 psi
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TEST NUMBER:
TEST ANGLE:
CEMENT:
WATER:
DENSITY:
TRUE VERTICAL:
BOTTOM-HOLE 

PRESSURE:
INJECTION

PRESSURE:
PERCENT WATER WEIGHT:

20 degrees 
10500 grains 

6316.9 grams 
14.75 #/gal 
9.24 feet

7.09 psia

6.59 psia 
60.16

TIME
* * * * * * * *
2:40 PM

2:50 PM 
3:15 PM
3:30 PM 
3:55 PM
4:20 PM 
4:45 PM

5:05 PM 
5:30 PM
5:45 PM

6:00 PM 
6:25 PM 
6:38 PM

COMMENTS
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
Column poured

-sand pack constructed different for this test 
-no leak-off measured off the bottom of column 
-sand is dry allowing for maximum leak-off from 
cement column 

-air injection is directly at bottom of column 
not midway in the sand pack 

-air injection is set at overbalance 
-this is done by allowing filtrate to enter 
air injection line 

-a wet test meter has replaced the 
bubble meter used in first three tests 

Air injection set at 14.5cm Hg 
All is well? leak-off into injection line 
stabilized
Leak-off into line still stable 
Air adjusted down .2 cm to 14.5 cm Hg

-Wet test has not moved; initial setting 1.6 
All is well; nothing on wet test 
Water in injection line appears to be moving 

inward slightly 
-Wet test still has not moved 

Water definitely moving inward 
Leak-off still slowly entering line 

-no motion on wet test meter 
If anything wet test has moved backward 

-this happens during every test and is 
an indication of the cement shrinkage 

Everything stable 
Still no action anywhere 
Air to column shut off? no channeling



T-3704 44
TEST NUMBER:
TEST ANGLE:
CEMENT:
WATER:
DENSITY:
TRUE VERTICAL:
BOTTOM-HOLE 

PRESSURE:
INJECTION

PRESSURE:

30 degrees 
9972.14 grains 
4535.9 grains 
16.00 #/gal 
8.299 feet

6.91 psia

6.17 psia
PERCENT WATER WEIGHT: 45.49
TIME COMMENTS
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
2:55 PM Column poured

-configuration designed to be very similar 
to that used in test #4 except not allowing 
severe leak-off to occur; this is accomplished 
by saturating the sand pack with a ten foot 

column of water prior to pouring cement
-again leak-off is taken into injection line 
this ensures overbalance conditions 

-wet test meter is straight up 
3:10 PM air injection set at 15 cm Hg
3:22 PM air injection up to 16 cm Hg
3:27 PM air injection at 17.9 cm Hg
3:30 PM air injection looks to be stable
3:45 PM air is stable at 17.9 cm hg; this calculates to be 

approximately a .74 psi underbalance 
3:50 PM All is stable
4:00 PM Air appears to be moving inward; its real slow 
4:07 PM Column definitely taking air inward but its slow
4:20 PM Leak-off is still in injection line but motion

is inward 
-Wet test has moved one tick 

4:35 PM Still taking air
-Wet test at .12 liters
-air line at top of column checks o.k.
-a concern is that spattering cement could block 
air flow at top of column if communication is 
established

4:50 PM Only a small amount of leak-off remaining in 
injection line now

-flow inward appears to have slowed 
-wet test meter at .21 liters



-3704
5:06

5:20

5:30

6: 00 
6:30 
6:45

45
PM Wet test at .27 liters

-some leak-off remains in line but inward trend 
continues

PM It appears as though inward flow rate varies with 
time

this was also the case in all the underbalance 
tests

conducted; unloading of the channel of water?? 
-Wet test is .54 liters 

PM Lucky enough to be watching the wet test meter 
when it moved .1 liter; it then slowed 

-Wet test at .72 liter 
PM Rates are slow but there is definite communication 
PM Wet test at 2.73 liters 
PM air to column shut off
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TEST NUMBER:
TEST ANGLE:
CEMENT:
WATER:
DENSITY:
TRUE VERTICAL:
BOTTOM-HOLE 

PRESSURE:
INJECTION

PRESSURE:
PERCENT WATER WEIGHT:

20 degrees 
10500 grains 

6316.9 grains 
14.75 #/gal 
9.084 feet

6.97 psia

6.555 psia 
60.16

TIME COMMENTS
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
4:50 PM Mud mixed; again sand pack saturated 
5:00 PM Column poured

-configuration identical to number four 
even the slurry is identical 

-five was less conducive to migration than four 
or this one;see if indeed cement cake formed 
in number four 

5:07 PM air injection set at 17.4 cm Hg
5:15 PM air injection set to 17.0 cm hg
5:22 PM air injection stable at 17cm hg

-this is approximately a .5 psi underbalance 
-again similar to four 

5:30 PM one half inch water into injection line has 
stabilized

5:40 PM Every test run you notice the cement shrinkage
this is evident in the retreating wet test meter 

6:00 PM all is well; water stable in injection line 
6:15 PM Still ok; maybe a slight movement inward??
6:30 PM Pretty sure its moving inward but real hard to tell
6:50 PM first tick on the wet test meter
7:10 PM wet test meter at .05 liters
7:12 PM wet test at .13 liters
7:15 PM wet test at .2 liters
7:20 PM wet test at .3 liters; again flow is intermittent

-still water in injection line but 
you can detect inward flow 

8:00 PM wet test at .76 liters
-flow is definitely established 

8:30 PM air to column shut down
-wet test at 2.34 liters



APPENDIX B:
Cross sectional Column Diagrams



NOTE: The following cross sectional maps
are laboratory sketches made from each 
test run. These sketches identify the 
three areas of cement that was noted 24 
hours after each test was run. The 
legend for each sketch uses "Area of 
Excess Supernatant Water" for the 
granular, spongy cement discovered during 
the course of this study. A more 
appropriate legend would be "Area of 
Sponge-like Cement". Each is viewed 
"downhole" or as if you were looking from 
the surface into the wellbore.
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* CAVERN LOOKS 2" 
DOWN INTO THIRD SECTION

LEGEND
m  —  GAS CHANNEL
r-n _  AREA OF EXCESSIVE 

SUPERNATANT WATER
j— | _  SET CEMENT

10

Figure 13 : Test Number One Cross section every
foot.
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NOTH ING* CAVERN LOOKS 1" 
INTO EIGHTH SECTION

LEGEND
■  —  GAS CHANNEL 
r—j _  AREA OF EXCESSIVE 

SUPERNATANT WATER 
□  -  SET CEMENT

10 
NOTHING

Figure 14 : Test Number Two - Cross section every
foot.
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* CAVERN LOOKS 3" 
DOWN, REAL ROUGH

LEGEND
■  —  GAS CHANNEL 
r-n _  AREA OF EXCESSIVE 

SUPERNATANT WATER 
□  —  SET CEMENT

lO 
NOTHING

Figure 15 : Test Number Three - Cross section every 
foot.
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* DOWN 10" LOOKS 
LIKE SOME FLOW

LEGEND
■  —  GAS CHANNEL 
pi _  AREA OF EXCESSIVE 

SUPERNATANT WATER 
□  -  SET CEMENT

10

Figure 16 
foot.

Test Number Four Cross section every
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LEGEND
■  —  GAS CHANNEL
rri _  AREA OF EXCESS I VE 

SUPERNATANT WATER 
□  —  SET CEMENT

10

Figure 17 : Test Number Five - Cross section every
foot.
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LEGEND
■  —  GAS CHANNEL 
rn _  AREA OF EXCESSIVE 

SUPERNATANT WATER 
□  —  SET CEMENT

10
CAVERN LOOKS INTO 

SECTION 10"

Figure 18: Test Number Six - Cross section every
foot.


