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THE EFFECT OF CERTAIN ADDITIVES UPON
THE PHYSICAL PROPERTIES OF PORTLAND CEMENT

CHAPTER I
INTRODUCTION

The petroleum industry is constantly engaged in the
search for new oll reserves, particularly in the areas where
producing fields are already establlshed., Thus the trend in
the past few decades has been towgrd wells of increasing
depth. In these deeper wells, as in previous years, it is
common practice to cement in the caaing.* This operation
involves the pumping of neat cement slurries into the annular
space between the earth's formation and the casing to provide
stablility for the underground pipe and to create a permanent
seal, This eliminates the possiblility of contemination of
surface or artesian water, by salt water from the well, and
prevents any water from water-bearing strata from entering
the well, A diagram of a typical well cementing job is
shown on Figure I.

The depth to which oll and gas wells have been drilled

in this country has been continually increasing since the

3
State law in California requires a pressure test on

all cementing jobs, and all wells to be abandoned must be
filled with cement.
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days of Drake's well, the first commercial producer in this
country, completed in 1859, Whereas "Colonel" Drake sank

this well only 69% feet, at Watsons Flat, Pennsylvania, the
latest sources™ show that in June, 1949 a test hole was drilled
to a depth of 20,521 feet, making it the world's deepest well
at the present time. PFigure 2 shows the relationship between
the deepest wells drilled and the years in which they were
completed.

Depletion of shallow reserves has necessitated explora-
tion of and production from continually increasing depths.
Accompanying this increase in depth were many serious problems
caused by the temperatures and pressures encountered in the
earth, There 1s a geothermal gradient which is rather uniform
in any given area, of about 1°F for every 50 feet of depth.
Although the surface temperature changes with the seasons,
this gradient remains nearly unchanged. A typical geothermal
gradient condition is shown on Figure 3.

The normal formation pressure encountered is equal
to the hydrostatic head of water from the surface down to
the formation, although, occasionally, abnormally high
pressures are found which usually are due either to hills
in the vicinity or to the transmission of part of t he weight

of the overburden as pressure to the formation fluids.

1
Esso Qilway 16, No. 10, 1,(1950).




FPigure 2

Yearly Increase of 0il Well Depths

The data used in this plot were from Esso 0ilway

16, No. 10, 1, (1950); Petroleum Facts and Figures, Am.
Petroleum Inst. 6th Edition, 68, (1939); and Petroleum

Facts and Figures, Am. Petroleum Inst. 8th Edition, 89,
(1947) .
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These conditions have important effects upon the
setting rate of cement. That is, an increase in elther
temperature or pressure will increase the settlng rate,
thereby shortening the allowable cementing time. Since
the cement slurry is pumped into the well as a "viscous
fluid," this allowable cementing time is that perlod during
which it is thin enough to be pumped. The terms, limit of
pumpabllity end 1imit of mobility, have been used in indus-
try to denote the condition of the cemsnt slurry at the ’
end of t he allowable cementing time.

It may be realized that the dseper the cement goes
into a well, the greater 1s the setting rate, due to higher
temperature and pressure. Yet, the greater is the amount
of time required to pump a unit quantity of cement to the
bottom of the well, and into place. Consequently, a cement
had to be developed which would meet the conditions in deep
wells and still remain mobile.

In the past this has been a "tallor-made" cement
with a base of Portland-type cement, but one which had been
prepared according to a special formula requiring chemical
additives or mspeclal mill treatment and compounding. Con-
sequently, it has sold for a premium price, although the
amount of speclal chemical ingredients seldom equalled one
per cent of the total weight of the mixture. As an example,

during 19L);, at the peak of wartime production, the average



national price for oll-well cement was $1,9L/bbl., but the
standard Portland cement sold for $1.56/bb1.2

These speclal cements, belng ready-made, were designed
for a wide range of applicability in order to try to meet
the various conditions that might be expected in the field,
Naturally there could be 1little specificity, since the
manufacturer tried to produce a composition that would
strike a happy medium between cost and performance.

From the standpoint of the majority of cementing
requirements, a 0 per cent cement slurry should reveal certain
characteristics, and these have been varlous ly defined.

3

Ludwig” said:

"pA cement for use in oil wells should have the
following properties:

(1) The cement slurry should remain fluid for
a period of segeral hours at temperatures
of 1h,0o to 200°F and then stiffen and
harden rapidly.
(2) The cement slurry should remain pumpable
during the first few hours even when allowed
to stand at rest for short periods of time."
The manufacturers of the Halliburton Consistometer
are even more specific. Their instruction pamphlet states
that the following characteristics should be revealed on a
consistency-time curve produced with a /}0 per cent slurry

at 180°F in the Halliburton Consistometer.

%y, s. Minerals Yearbook for 19hly, 1230, Washington,
D. C. {195).

3Ludwig, N. C., 0il Gas J. 46, No. 1l, 105, (1947).




(1) 1Initial consistency between 10 and 30 poises.

(2) Consistency to remain below L0 poises for
three hours from the time of introduction
into the consistometer.

(3) A sharp break toward higher consistency
after three hours.

(L) A tangent to the consistency-time curve should be
practically vertical when the curve reaches a
congistency of 100 poises. This feature is indi-
cative of the rapidity with which the cement
will develop strength &fter the initial set.

The object of t his investigation was (1) to make a
literature study and evaluation of additives end treatments
used for oil-well cements and (2) to conduct an experimental
program in search of some substance that would act more
effectively as a set-retarding agent when added to ordinary,
gray, Type I Portland cement. This agent should not affect
or should even increase the strength of the cement after 2l
hours. This is important, because the cement should have a
high early-strength in order to allow continuation of drilling
operations in the well within a maximum of one or two days.
If such an agent could be added during field operations,
it would have two definite advantages: (1) 1t would eliminate
the purchase of commercial oil-well cement at a premium
price and (2) it would allow the operator a manual control
over the quantity of additive, consequently better control
of setting rate to give a better cementing job.

One of the more important properties of any oil-well

cement lsthe comvressive strength it develops when hardened.
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Practically all chemlcal additives that have been used in

the past have lowered the strength of the hardened cement,

80 1t would be of a distinct advantage to the cementing

industry to find some additive which would retard the set

without sacrificing any of the resultant compressive strength.
Realizing thils, any investigation would be incomplete

without comoression tests on the hardened cement fromt he

test slurries. Therefore, the ultimate compressive strength

was measured, as well as the limit of mobility, in this

investigation.
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CHAPTER II
THEORY OF SETTING AND HARDENING

Portland cement is a finely-ground mixture of cal-
cium aluminates and silicates capable of setting and hard-
ening by chemical reaction with water. Basically, it is
made by fusing together two materials, one calcareous or

rich in lime, such as limestone, marl or chalk, and the

other argillaceous, or rich in silica and alumina, such aa
clay, shale, slate or blast-furnace slag. DMore specifically,

it has been defined in the Standards of the American Society
I

for Testing Materials™ as:

"The product obtained by pulverizing clinker
consisting essentially of hydraulic calcium
silicates, to which no additions have been

made subsequent to calcination other than water
and/or untreated calcium sulfate, except that addi-
tions not to exceed 1.0 ver cent of other
materials may be Interground with the clinker

at the option of the manufacturer, provided such ma-
terlals in the amount indicated have been

shown to be not harmful by tests carried out

or reviewed by Committee C-1 on cement."

Five types of Portland cement are recognized in the
United States but the only one used in these tests was

Type I, or ordinary gray Poritland cement: It is specified as:5

hﬂm. Soc. Testing Materials, Standards. Part II, 1, (1946)

SAm. Soc. Testing Materials, Standards. Part II, 1,(19Ll)
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"Normal Fineness, Type I, For use in general
concrete construction where the special pro-
perties specified for types II, III, IV and
V are not required."
A standerd specification is also set up for the chemical
composition of the cement and Table I shows the specifica-
tions for Type I, in maximum percentages of ingredients,

followed by the actual analysis of a typlcal Type I cement.

6
TABLE I

SPECIFIED CHEMICAL REQUIREMENTS AND TYPICAL ANALYSIS
FOR TYPE I PORTLAND CEMENT

810, A1203 F9203 Cal Mg0 803 Ign. Insol.
Loss Resid.
% % % % % % % %

Max. - - - - 5 3.0 0.75
Typs 21.3 6.0 2+7 63.2 2 2.3 0,20

+0 2.0
9 1.8

Reactions between water and the compounds present in
Portland cement lead to the setting and hardening of the
material and the interactions of the cement compounds with
water may be consldered as of two kinds, hydrolysis and
hydration. 1In practice both types of reactions occur

slmultaneously, but for the purpose of a better understanding

6Research Reports, Portland Cement Assoclation of the

United States of America, 3, April, 19L1.
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it is important to distingulsh between them and to treat
them separately.

The terms, initial set and final set, are expressions
which have been glven arbitrary values7 that are a measure
of the progress of such reactions, but the term, setting,
has reference to the change from a fluid to a rigid state.

Since the initial set indicates the time when the
cement 1s no longer fluld to any appreciable extent, the
limit of mobility of a neat® cement slurry will be reached
sometime before the initial set. Setting may be distin-
guished from hardening by the difference 1n speed of the
hydration reactions. During hardening water diffuses slowly
through s sheath of gel to the unaltered grains below. The
rate of chemical reaction, which is determined by the rate
of diffusion, is very slow.

However, during the early period of setting, the
mixing water is In immediate contact with the reactive
surfaces of the cement grains. Solution, hydration and
hydrolysis may theﬂ take place with relative rapidity. As

the mixing water leaves the free condition to become fixed as

7%&& Soc. Testing Materlals, Standards. Part II, 25,
(19hh) .

3

-
Neat cement refers to a mixture of any Portland
cement and water, to which no aggregate, such as sand or
gravel, has been added. All slurries tested in this inves-
tigation were of neat cement.
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hydrate, the plastic mass stiffens and sets. If the rate
of hydration is slow, the set will be slow; conversely, it
the rate of hydration is rapid, the plastic mass will set
rapidly.

Neighbors and Cromer8 sald:

"The more rapid rate of stiffening is probably
due to the accelerated rate of hydration pro-
duced by heat. --- There seems to be no prac-
tical and positive method for obtaining inform-
ation on the rate at which cement becomes heated
while being pumped into a well., Evidently it
begins to take on heat by conduction through the
casing from the (drilling) mud returns. The
temperature probably continues to rise and pos-
sibly does not attain a maximum value until the
slurry is in place. --- Many authorities believe
that on the ordinary cementing job slurry temp-
eratures during placement do not exceed 170°F,
however, during squeeze-cementing operations in
formations of high thermal conductivity 1t 1s
difficult to see why the slurry would not reach
approximately the (subsurface) formation temp-
erature."

From the results of a study by Bogue and Lerch9 it
was suggested that the cause of the initial set may be the
formation of either hydrated tricalcium aluminate (3CaO°*
A1203’ or C3A for short) or hydrated tricalcium silicate
(3Ca0 s1i0,, or CBS for short). The time required for the
initial set appeared to be governed by the time necessary

for one or the other of those hydrates to appear. Then no

BHeighbors, G. R. and Cromer, S., Am. Inst. lining
Met. Engrs., Tech. Pub. N@. 1399 (Petroleum Technology),

Iy, ¥o. 6, 5, (1911)

gBogue, R. H. and Lerch, W., Research Reports, Port-
land Cement Assoc. Fellowship Nat. Bur. Standards, Sept., 1933.
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retarder was present, or when the 03A content was high, the
CaA went Into solution and the CBA hydrate formed very

quickly, according to the following reaction:
3 Ca0*Alp03 + n HoO = 3 Ca0*Aly04°nHy0 —----- (1)

This formation may be great enough to produce rigidity of

the cement, in which cese 1t is said to have a flash set.

In this case the precipitating C3A hydrate established the
structure of the cement paste formed. But if the 03A content
were low, or if a retarder were present to delay the pre-
cipitation of its hydrate, then the more slowly reactive

CBS would have time to dissolve and precipitate as C3S

hydrate, as shown below:

3 Ca0°'8105 (8) 4 n HoO
== m Ca0-310s+:nH,0 + (3-m) Ca(0H)p ====-= (2)

In that case the C33 hydrate would establish the set and
the structure of the paste, and the time of set would be
normsal,

The presence of celeium sulfate was found to cause
a reaction with the C3A and Ca(OH)2 in solution to form
calcium sulfoaluminate, which is only slightly soluble.

The reaction in the presence of an aqueous medium is
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as follows:
3 CaSOu + 3 CaO'A1203 (8) == 3CaO'A1203-30a80u-nH20

The effect of this reaction was to reduce the concentration
of 03A in solution below the point where 03A hydrate could
separate out. This process would continue until either the
casoh or the 03A were exhausted, and during this period the
C3S could hydrate as if in the absence of C3A. Vhen the
casou was depleted the remalning C3A could hydrate, but it
would precivitate within the structure established by the
CBS'

This all suggested that a normel retarded set is due
to the hydration of the C3S, requiring a number of hours to
proceed to the point of rigidity in usual cases. But the
very rapld reaction of 03A with water may bring about a
flash set if it 1s not retarded by some agent, such as
CaSOh, which will suppress its normal hydration.

It should be noted that the use of gypsunm, CaSOh, is
common to all Portland cement, since it 1s necessary to
provide any reasonable retardation of the initial set at
all conditions of temperature. If further retardation is
desired, as in the case of high-temperature oil wells,

additional retarding agents must be added. The amount of

retardation provided by the gypsum depends upon its degree

(3)
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of hydration, as added to the cement clinker at the factory.
In its usually-added form as the dihydrate, GaSOh'2H20, the

optimum amount is about 2.0 per cent by weight.
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CHAPTER III

RESUME OF LITERATURE ON ADDITIVES

Many investigators in the past have proposed
numerous chemical additives or special treatments for the
further specific retardation of oil-well cement. A
literature study has been conducted in an effort to locate
all important references to such cases. Special attention
was paid to materials or processes listed in the patent
literature.

Some of the more important additives that have been
used are listed in Table II, along with data 1llustrating

the test results obtained with the use of each.

TABLE II

PAST USE OF CHEMICAL ADDITIVES

Additive, and Test Stiffening Times % Increase Qver

4 Used (by wt. Temp. In Hours, To In- Similar Stiffening
of dry cement) ©9F dicated Consist- Time For Plain
ency in Polses. Portland Cement

at the same Temp.

NOp-oxidized
cellulose (0C)

0.09 4 1%0 13.10 hrs. to 100 p. zag.o
" 180 13.50 hrs. to 100 p. 638.0
n 200 6.78 hrs. to 100 p. 338.0
" 220 2.02 hrs. to 100 p. 68

i 220  3.68 hps. to 100 p. 207.0



TABLE II (continued)
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Additive, and Test
7 Used (by wt. Temp.
of dry cement) OF

Stiffening Times
In Hours,
dicated Consist-
ency In Poises

to

In-

% Increase Over
Similar Stiffening
Time for Plain
Portland Cement
At the Same Temp.,

K salt of 0OC
0.10 4 200
NH), salt of OC
0.10 % 200
Malele Acid

0.30 % 100
1

: A
" 200
5 220

Modified Starch

0.12 ¢ 100
i 1,0
il 10
" 200
" 220

Carboxy methyl
cellulose (GCMC)

0.30 4 200
Na salt of CMC

0.2 4 14,0

0] 180

t 200
n 220

lL.52

5.68

11,92
L.78
.17

10,13
h .87

I_I
OO
O N o\t

OO O~

Ow O

Nl
oW O &

hrs.

hra.

hrs.
hrs.
hrs,
hrs.
hrs.

hrs.
hrs.
hre.
hrs.
hrs.

hrs.

hrs.
hrs.
hrs,
hrs.

to

to

to
to
to
to
to

to
to
to
to
to

to

to
to
to
to

100

100

100
100
100
100
100

100
100
100
100
100

80

D. 191.6
p. 279.5
P. 78.0
p. 59.4
P. 106.];
p. 169.0
D 218.0
B 30.6
P. 201.

p. 399.0
P. 261,0
< 8 83.0
P 915.0
P. gB-g
po .

p. 66&.0
p. 1212.0

I




According to M. N. G Ludw g" of the Universal

Atl as Cenent Conpany, the only additives in comercial

use today are the follow ng:
(1) carbohydrates such as nodified starch and sugar,
(2) calcium and sodium salts of |ignin sulphonic

aci d.



