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Thixotropy, 'possessed by certain gels, is that 

property of becoming fluid or changing to sol fossa on 

shaking and coagulating again when allowed to stand; for 

example, a suspension of a clay in water. This property 

is explained by the mechanical destruction of sense of 

oriented particles. 

Plasticity of a clay is comparable to thixotropy 

and has been measured by many investigators. It is 

medianical propertyC/y), the resultant of a deformation 

and a pressure.** ®The deformabllity of a clay is possibly 

determined by the distance that the particles can move 

without cohesion, and the deformation pressure represents 

the magnitude of the cohesive or attractive forces as 

shown by the resistance offered by cohesion to the movement 

of the particles under the influence of a force.8 A 

distinction between viscous flow and plastic flow must 

be made. Viscous flow differs from plastic flow in that 

an initial pressure is required to start a flow of the 

latter type, whereas, no pressure is necessary to initiate 

the former type. 

In 1770 A. Baume(y) proposed the theory that the 

plasticity of a clay is proportions! to. the size of the 
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of the particles* This approximates the idea put forth 

by T• ^&y{&*1, ?• Sehloesing(/4), K. KatilfV^}, and others. 

H. .35# Aschley{3} made this an important part of his formula 

for tdie plasticity of a clay. Particles of largo sise 

are inert as far as plasticity of the clay containing them 

is concerned. - the United States Bureau of SoilsC*} 

considered particles of larger diameters than 0.005 

millimeters as non-colloidal, whereas, til© International 

Society of Soil 2oieneo(//) set the limit of colloidal 

particle siso at 0.002 millimeters. The lower limit of 

colloidal particle size for clays is uncertain. Marshall (#) 

in his studies - of Putnam clay found that the sodium- 

saturated clay particles could not be resolved by an ultra- 

nil era scope. JlobinoonC/*) by use of Stoke* s law found 

0g 
particles with diameters of S.0/1C centimeters in 

diameter. Thom&s?<&} by use of vapour pressures found' 

indications of particles with a diameter of 2.0 x 10 

centimeters. Alexander(/.) in the case of looming bentonite 

gives the diameters as ranging from 5.0 x 10 centimeters 

on down to submicrons with the largest number of particles 

between X and lo“°. The particle also in California 
~4 

bentonite was given as being not over l.Qy 10 centimeters. 

BaverC^) placed the calcium-saturated clay particles at 

about 1.5X10**® centimeters. 
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■The first coherent attempt to produce a complete 

equation of flow for a system showing static rigidity fas 

made by Bingham and GreenIf the amount of flow is 

plotted against the shearing stress applied* a straight 

line is obtained, excepting for low shearing stress. 

The equation, which is a variation of the Poioeuilla 

formula, iss 

¥ ^ JLU (3? - f)r 

V = velocity given to a surface by a shearing 
force 

ju. = mobility 

3? ^ shearing force 

f yield value 

r distance of moving surface from another 
considered at rest 

It was thought that the adsorption of dyes by a clay 

was a prediction or measurement of the plasticity of the 

clay. This is analogous to the criterion that that the 

colloidal content of a clay determines the plasticity and 

that the amount of dye adsorbed is dependent on the 

amount of colloid present. Hence, it was' concluded that 

the quantity of dye adsorbed was a measurement of the 

plasticity. J. Spliciial(£2) and B. 0. 8. y 3Sscuder(/°) 

found that the dye-adsorbing teat was unsatisfactory* 

Theories have been devised which postulate special 

shapes for the predominant particles in clay. That is, 



H* le Ghatelier(#3, H* ReedeimafiCH , II. llersfeldC^), 

IS. Cook{95 mid others postulated flattened particles or 

pXate**l£ke particles. X. AroaC^) and 3#?. §inder(?i>) 

claimed that the particles are spherical* W. OlssdiewsSgrC^ 

said that- the particles are spongy. -It has -generally 

bees assumed’that the particles are plate-like and not 

rod- shaped or spherical. 

E. A. Segerf/9) and!. Rohland supposed that longer 

aging of a clay increased its-plasticity, fiiey said 

that, on aging, the hydrogen ion concentration was increased 

and, therefore, an increased plasticity occurred. BaverC^") 

subjected a clay to electro-dialysis and found that the 

hydrogen ion concentration had an effect on vieeosity and 

also on particle charge* At a pH of three the viscosity 

was high, mid on raising the pH the viscosity dropped 

off to a mlniEiM. fhen, -as the pH was increased fey the 

addition of sodium hydroxide, the viscosity approached 

a aaxijaumi then, another minimum was reached and after 

that viscosity continued to increase• Saver found that 

on increasing the pH of clay from-three the charge 

gradually increased until it reached a maximum and on 

further'addition of sodium hydroxide it fell off. 

Joseph^) andKaiicoekC °) found that clay with a 

ratio of silica to alumina of 2.11 showed no plastic 
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properties and was nearly pure kaolinite; clays with a 

ratio of 9.6? showed plasticity. Xt seems well established 

that the colloidal portions of clays are essentially 

acids or salts of an acid whose anion is a Bicell of the 

general formula X(A3*0J) » y{S10a) - sCK^O) ©here x is 

approximately one, y approximately three, and z may vary 

over a wide range of values. 

Thompson^} in 1845 observed that if a solution of 

ammonium sulphate, which was filtered through soil, 

exchanged part of its ammonia for calcium. ; Wey^l in 

1802 presented a more detailed study of this subject 

by using a number of different salts. This phenomenon 

of exchange has since been termed base exchange. The ease 

with which a given ion say be replaced from a clay particle 

is associated with its degree of hydration, and the ease 

of replacibi 1 ity appears in the order of the Hofiksister 

series? monovalent ions - lithium, sodium, potassium, 

rubidium, and cesium; bivalent ions - manganese, calcium, 

and barium. The sodium ion may be replaced from clay 

particles when they are exposed to a relatively strong 

solution of calcium ioni and the reverse is also possible 

\?hen calcium cley particles are placed in a strong 

solution of sodium ions. 



Wiegner and SarsIiallC °) found that Saoluchowahi9 s 

formula for coagulation of sols had to .bsp modified to 

agree with, their study of the kinetics of the coagulation 

of plate* or rod-shaped particles, which are similar to 

those found in clay* 
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First# we sought to relate She strength of the 

thixotropic gel with time and to formulate the gelling 

process; second# the nature of the formula and its 

constants was investigated; third, the change of the 

nature of gelling with concentration of clay was studied; 

and fourth# the change of the nature of thixotropic 

gelling with pH of the suspension was studied. 

The stu% of tiie effect of pH on the gelling was 

was upon the natural clay from which the salts are liberated 

by base exchange and also also upon clay from which salts 

cannot be liberated by base exchange because of their 

removal by electro-dialysis. Hie effect of the charge# 

which may be raised in the case of a clay dialysed to a 

pH of three and then lowered on addition of sodium 

hydroxide# was investigated. Also# the gel rate was 

studied ?/hen the sol was made positive by the addition 

of calcium hydroxide. The effect of these variables on 

the thixotropic gel rate was examined bu use of the 

same geloraeter in each case. 

California bentonite was used for this experimental 

work because of its small and uniform particle sise. The 

percentages of clay(by weight) were made up in distilled 

water# at the same time# and in large quantities to 

insure uniformity to the clay suspension to be studied. 
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XB3CROTI0ST Of APfARASlTS 

'She instrument to be described is termed a geloraeter, 

and it is so designed as to measure the rate of "gelling0 

of a thixotropic clay suspension. The gelomoter is 

simple in design* but determines the gel strength with 

great accuracy. 

Referring to the diagram cm the following page, a 

cylinder, C, srith a mean dimeter of 3.85 centimeters is 

suspended from a rod by means of a wire, W. Th© aforesaid 

cylinder has attached to it a pointer, 3^, which registers 

the movement of the cylinder on the scale, S*. Holes 

were bored on top of the cylinder to assure its being 

completely filled by the thixotropic gel. The rod to 

which the cylinder is attached is fitted into a disc on 

which is the scale, St • Hie rod is turned by a handle, 

H, producing a torque in the wire; hence, there is a 

shearing force in the cylinder. The pointer, registers 

the unit through which the wire is turned on the scale, 

S/# which has been calibrated to read in dynes per square 

centimeter of screen. This seal© has the same diameter 

as scale, %. The wire, W, is a definite length and can 

be removed and replaced without danger of Changing its 

length. The ends of the wire are bent at right angles to 

the main part of the wire. These ends can be placed in 
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holes bored through the ends of the rod holding the cyl¬ 

inder 0, and of the rod fitted into the scale, S/. The 

ends are then held tight to the middle of the rods by- 

means of clamps* the scales are fastened to the rod# B, 

of the ringstaad, B, by means /of clamps* 

To complete the apparatus, there is a cup 8.6 centi¬ 

meters in diameter and 7.6 centimeters in depth into 

which the clay suspension is placed. There is also an 

electric stirrer to thoroughly break down the thixotropic 

gel into its sol form. 

The thixotropic clay suspension for which the gel 

rate is to be measured is placed in the cup so that it 

will be one centimeter above the top of, the cylinder. 

The gel is stirred at a high rate of speed for two or 

three minutes. The stirring is stopped, the stop-watch 

started and the cylinder placed in th© suspension. After 

a definite length of time a shearing force is produced 

in th© cylinder by turning the handle, U0 and t^ie force 

is increased slowly. 

It has been noticed that the cylinder will move 

slightly after a certain force has begn applied, but 

that on waiting the cylinder will not move further. 

This movement of the cylinder is caused by the elasticity 

of the gel. for clay suspension investigation in the cup 

described above tills movement amounts to 3 scale units on S%, 
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Hi© for©© is increased until it just exceeds the 

elastic limit of the gel, causing the cylinder to shear 

the gel and start to rotate. The three scale units on 

seals 8^ mentioned above are subtracted from the scale 

reading of S,. This, procedure Is repeated for different 

lengths of time. 

A- calibration of the screen ie necessary to convert 

the scale reading into force units for each square centi¬ 

meter of gel sheared. 

To calculate the area of the screen cylinder? G on 

the diagram) experimentally, the gel strength for different 

times was measured using the same depth of the screen in 

the gel. Chech runs were made for each time. Gel 

strengths were measured for other depths of the screen 

at tiie same times as the first depth. The area of the 

totally submerged cylinder could then be calculated from 

these known areas. 

DATA USED mn mmm ASM CA^UMTIOIIV 

Average outside diameter of cylinder 3.89 cm. 

Twice the thickness of screen ——- Q.Q8 cm. 

Average inside diameter   —— 3.81 cm. 

Average mean diameter of cylinder — 3.85 on. 

Average height of screen and disc — 4.11 cm. 

Average height of screen ———- 3.45 cm. 

Height of di3C 0.66 cm© 
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Time Force Force Force Height Half of 
(minutes) (units) correction per cm. of clay area of screen 

10 50 -3 8.82 1.35 16.33 
10 104 -3 8.8^ 2.95 

Mean » 2.825 
35.67 

15 54 -3 3.12 1.35 16.33 
15 114 -3 3.11 8.95 35.67 

For cylinder totally immersed; Apparent 
half-area 

1© 146 •3 8.83 “••• 50.60 
15 161 -3 3.18 —— 

Mean 
50.70 

- 50.65 

Conversion of disc to effective screen; 

TorqueCstrip _of disc) 27Fx*&x \t‘) 

Torque ^ / BITE*Ax 
0 ' 

Torque of two sides of disc — d^r-7 F) 

Torque of cylindrical height of discs 

(Torque)c » $( area)r(F) 

' F jr torque ^ torque 
)?tarea)r 2 yrv*kk 

V F = r <£r~ 
f\ ~ , / 
' ' (Torque)e -=- 2na^h 

Total torque of disc *■ [Jkyrs3 -h 8zrr3h ) r 

Torque = 4(area) X f=- 60.10 

2h ^ 1.38; h = 0.69 

Hei^it of total effective screen 

Calculated area = 50.05 

Experimental area ^ 50.65 

4*14m. 
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Calibration of apparatus: 

3?or calibration of the wire geloaeter.a copper disc 

was used* The wire of the instrument was fastened to this 

disc and the time for fifty oscillations of the disc was 

measured# This was repeated several times and the moan 

value used in getting the period of one oscillation. A 
■i '' ■ , 

copper ring of known inside and outside diameters and of 

known weight was then fastened securely to, the disc and 

the time for fifty oscillations again noted, fhe period 

for one oscillation was again calculated. IText the 

coefficient of restititution of the wire was calculated 

from the formula: 

2X^E(az + bz) 
'—r™ 

JUL - coefficient of restitution ,v.y' /,. 

//) - mass of copper ring in grams 

a « inside radius of ring in cm. 

b = outside radius of ring in cm, 

^ = period of one oscillation with both 
ring mid disc in seconds 

T, = period of one oscillation wife disc 
only in seconds 

Data recorded in calibration: 

1. ’Time for fifty oscillations of disc: 

(1} —   161,2 seconds 
(2) — 161.0 a 

(3) — 101.2 * 
(4)  161.4 * 
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Average 161.2 seconds 

f; - 3.224 seconds 

2. Time for fifty oscillations of disc and rings 

X) 29S.6 seconds 
2) —  293.6 « 
3J 293.6 ® 

Average 293.6 seconds 

«= 5.872 seconds 

3. Inside radius of rings 

a — 2.469 cm. 

4. Outside radius of ring; 

b■ *=• 5.035 cm. 

5. Mass of ring: 

If - 318.31 grans 

A- =/ 200.2B #0.8- 
3.224 

centimo tor/unit of scale X 

A= I,067 dynes/esi. of acreeR/unit of 
*3 X 50 • 5 5 

scale for wire of 0.016 in. diameter 

The force with 0.0125 inch diameter wire Is tensed Force(l) 

and it is 1/3.39 as strong.' as the force with 0.016 Inch 

wire. The latter force is termed lorceCs). To get the 

force in dynes per square centimeter, Pores(2) is 

multiplied by 1.067. 
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Tiiae lorceCl) lore© T/F 
(minutes (scale units) (dynes/sq. cm.) 

pH « 9.2 

15 42(-3) 12.6 1.1905 
20 531-3) 16.2 1.2345 
25 59f»3) 18.1 1.3810 
30 62(-3) 19.1 1.5707 
35 69C-3) 21.5 1.6280 
46 76(-3) 23.7 1.941 o 
60 79 (-3) 24.7 2.4295 

136 94{-3J 29.3 4 *6'340 

y 34.36 Intercept 0 *625 

pH - 9.5 

10 53C-3) 17.2 0.5815 
15 68(-3) 21.1 0.7109 
20 75C-3) 23.4 0.8545 
25 8lf-3/ 25.3 0.9880 
30 871-3) 27.2 1.1028 
45 97(-3) 30.5 1.4753 
05 1031-3) 33.4 2.0062 

105 1121-3) 35.3 2.9740 
130 115(-3) 36.3 3.5810 

T? 40.06 Intercept 0. 3514 

pH - 10.0 

10 S9C-3) 21.5 0.4651 
15 861-3) 26.9 0.5575 
20 941-3} 29.6 0.6757 
25 10l{-3) 31.8 0.7861 
30 1061 -S') 33.4 0, 8982 
35 111.51-31 35.2 0.9945 
40 115C-3) 36.0 1.1113 
56 123C-3) 39.3 1.4250 

101 136(-3) 43.3 2.3320 

y 48.45 Intercept 0.269! 
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Time Force!l) force T/f 
(minutes) (scale units) (dynes/sq. cm.) 

#1 - 11.2 

11 103(-3) 32.4 0.3395 
15 1121-3) 35.3 0.4249 
20 12?1-3) 33.6 0.5181 
25 133(-3) 40.3 0.6203 
31 1391-3] 44.1 0.7030 
35 147C-3J 46.7 0.7495 
45 159(-3) 50.6 0.8892 
63 170C-3} 57.1 1.1033 

120 1961-3) 62.6 1.9170 

" f 69.5? Intercept 0.2287 



/Z7 

»f*i 
!»A»a*as 

ISSSMSSMI 



%% CALIFORNIA mmmifE 

Tim© 
(minutes) 

Force(l) Force f/F 
(scale units) (clynes/sq. cm.) 

pH - 9 .2 

5 461 -3} 
10 72f ;-3) 
15 87( -3} 
20 92t -s) 
25 97( :«s) 
30 104( **3) 
35 1061 -3) 
40 109 ( -3) 

100 ■ 120 ( -3) 
130 1231 -3) 
333 126 j -3) 

F 41.3 

14 ;0 0;3572 
22.4 0.4465 
27;2 0.5514 
28.9 0.6920 
30.5 0;8195 
32.8 0i9146 
33.4 l;0480 
34.4 1.1628 
38.0 2.6310 
39.0 3.3330 
39.9 8.3439 

Intercept 0.2077 

pH - 9 .8 

10 1G4C-31 32.8 0.3049 
15 1171-3/ 37.9 0.3958 
20 1251-3) 39.6 0.5050 
25 134C-3) 42.5 0.5881 
30 1441-3/ 45.8 0.6550 
36 .1541-3/ 49.0 0.7347 
45 1591-3/ : 50.6 0.8892 
63 1691-3/ 53.9 1.1688 
.91 1841-3) 58.7 1.5503 

F 65.5 Intercept 0.1878 

pH - 10.0 

5 93(-3) 29.2 0.1712 
10 130i-3) 41.2 0.2427 
15 155C-3) 49.3 0.3043 
20 168C-3) 53.6 0.3731 
25 1741-3) 55.5 0.4504 
30 178(-3) 58.8 0.5282 
40 185C-3) 59.0 0.6780 
61 203{-3) 64.9 0.9400 
80 209(-3) 66.9 1.1960 

F 72,9 Intercept 0.1066 



Tim® Force(2) Fbrea T/F 
(minutes) (scale units) {djnaes/sq. era.) 

pH - 11.6 

5 5l(-3) , 51.2 0.0977 
10 701-3) 71.5 0.1399 
15 70(-3) 81.1 0.1850 
30 87(-3) 89 .6 0.2839 
36 921-3) 95.9 0.2737 
30 971-3) 100 »<& 0.2991 
35 101C-3) - 104.6 0.3347 
45 1061—S) 109 .9 0.4095 
61 !13(-3) 117.4 0.5195 

3? 133.5 Intercept Q.0S98 
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5.5j£ CALXFOMHIA BHHTOWXTI 

Tine Force (%) Force T/F 
(minutes) (acaleuni.ts) (dyaes/sci. ©a*) 

pi! « 9.3 

1 
2 
3 

"4 

5 
6 
7 
8 
12 
18 
25 
50 

13S 

of 

30.5 
44.5 
52.5 
58.5 
58. 
60.0 
61.5 
62.5 
66.0 
68.0 
69.0 
71. 
72. 

o! 
OC 

-3) 
-3 
*■*3 
-3 
-3 
-3 
-3 

-1} 
—3 
-3 
-3 
-3 

28.8 
4-4.3' 
52.8 
57.1 
57.9 
60.8 
62.4 
63.5 
67.2 
69.4 
70.4 
72.6 
73.6 

0.0347 
0.0451 
0.0555 
0.0701 
0.9864 
0.9987 
0.1122 
0.1260 
0.1786 
0.2594 
0.3551 
0.6889 
1*8750 

F 74.36 Intercept 0.0178 

pH - 9.3 

&■ Force!I) 

5 16? [-35 53.0 0.0943 
10 187 -3) 59.5 0.1681 
16 202! -3) 64.3 0.2489 
21 , '212* -3) ■ , 67.6 0,3107 
26 2191 -3) - 69.9 0.3720 
31 223! -3) 71.2 0.4354 
36 '23?! -3) 72.5 0*4966 
46 234! -3J 74.7 0.6159 
98 2461 1-3) 78.5 1.2483 

F 82.2 Intercept 0.0546 



Time Sbrce(S) Force ?/$ 
(minutes) (scale units) (dynes/sq.. cm.) 

5 

pH - 

S3C-3) 
?9l-3) 

9.9 

53.4 0.0936 
11 81.1 0.1356 
16 851-3) 87.5 0.1828 
20 91(-3) 93.9 0.8130 
26 96(-3) 99.3 0.2619 
31 10l(-3) 104.6 0.2964 
46 10?(-31 111.0 0,4145 
62 m(-3] 115.2 0.5381 
132 11©C-3) 122.7 1.0760 

v 129.9 " Intercept 0.0588 

11 

. - . ' pH - 

99(-3) 

10.9 

102.5 0.1073 
10 107C-3) 111.0 0.1441 
21 U5C-3) 119.5 0.175? 
26 119(-3) 123.8 0.2101 
31 1231-3) 128.1 0.2421 
36 1271-3} 132.3 0.2721 
4? 132(-3) 13?.? 0.3413 
61 ISoC-S) 148.3 0*8228 

3? 152.? Intercept 0 *0o5o 
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Time 
(minutes) 

Force?2) 
(scale unita) 

Force 
(4ynes/sq. cm. 

pH — 9.2 

37.4 
54.4 
59.8 
64.0 
72.0 
73.6 
77.9 
80.X 
84.3 
85.4 
86.4 
88.6 
90,2 

Intercept 

pH *• 9.4 

11 73(-3) 74.4 
15 80C-3) 82,2 
20 88(-3) 90.7 
25 941 -3} 97.1 
31 97C-3) 100.3 
38 XQ0(~3) 103.5 
45 108(-3) 112.1 
65 list-35 117.4 

120 115?-3) 119,5 

F 128.4 Intercept 

1 38?-3) 
2 541—35 
3 591-3) 
4 63?-3) 
6 70.5C-3) 
7 721-3) 

12 76C-3) 
18 781-3) 
25 82i—3) 
30 83?-3) 
36 84C-33 
51 86i-S) 
90 87.51-3} 

. y 91.56 

T/f 

0.0267 
0.0368 
0.0502 
0.0625 
O.0834 
0.0951 
0.1541 
0.2248 
0.8985 
0.3513 
0,4167 
0.5758 
0,9977 

0.0208 

0,1473 
0.1825 
0.2805 
0.8575 
0.3091 
0.3672 
0.4015 
0.5536 
1,0042 

0.0633 



Tima Force? 2) 
(minutes) (scale units) 

10 61(-3) 
15 781r3) 
20 88C-3; 
25 931-3) 
30 lOlC-3) 
35 108C-3 
46 115(-S) 
60 1201-3) 

120 135(-3) 

f 158.9 

Force T/F 
(dyaes/sq,. cm. 5 

9.9 

61.9 0.1616 
80.0 0.1875 
90.7 0.2205 
96.0 0.2604 

104.6 0.2868 
109,9 0.3185 
119.5 0,3849 
124.9 0.4804 
140.9 0.8519 

Intercept 0.0974 

pH - 10,8 

5 70C-3 
10 9 61-3 
15 m(~3 
20 181C-3 
28 1301-3 
30 1321 -3 
36 1371-3 
46 1441-3 
60 1481-3 

110 1541-3' 

71.5 0.0699 
99.3 0.1007 

115.2 0.1302 
125.9 0,1589 
135.5 0.1919 
137.7 0.2179 
143.0 0.2518 
150.5 0.3057 
154.7 0.3879 
161.1 0.6828 

F 172.il Intercept 0.0417 

10 
16 
20 
25 
30 
35 
46 
60 
95 

pi - .11 *2 

62(-3) 
81C-3] 
90(~3j 
991-3 

105C-3 
109C-3 
121C-3, 
130(-3) 
14IC-3) 

63*0 0.1587 
83.2 0.1923 
92.8 0.2155 

102.4 0.2499 
10S.9 0.2755 
113.1 0.3094 
125.9 0.3654 
135.5 0.4429 
147.3 0.6449 

174.6 Intercept 0.0815 
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Time i?orce(2) Force T/F 
(minutes) (scale units) (dynes/sq. era.) 

pH « 9.2 

1 72{-3) 73. S 0.0133 
2 ?9t~3} 31.1 0.0247 
3 85i-3J 37.5 0.9343 
4 921-3) 95.0 0.0421 
5 95C-3) 98.2 0.0509 
6 98 (-3) 101.4 0.0592 
9 1031-3} 106.7 0.0344 

19 106i-3) 109.9 0.1729 
25 107{-31 111.0 0.2253 
40 108(«3) 112.1 0.3570 

100 109(-3) 113.1 0.8840 

3? 114.0 Intercept 0.0064 

pH - 9.3 

11 10SC-3) 109.9 0.1001 
15 m-3) 115.2 0.1302 
20 116 {-3} 120.6 0.1659 
26 119 (-3) 123.8 O.2101 
30 182(-3) 127.0 0.2362 
35 1241-3) 129.1 0,2711 
45 125(-3) 130.2 0,3456 
60 12SC-3) 134.5 0,4462 

120 1321-3) 137.7 0.8716 

1 141.4 Intercept 0.0232 



Time fo;ree{S) Sbree T/F 
{minutes) (scale units) (dynes/sq* cEW) 

DH «* 2.0
18

 0 

m 11 las' [-3) 130. 2 0.0845 
15 144 .-3) 150.5 0.0997 
21 163 -3) 170.7 0.1230 
25 1701 -3} 178,3 0.1400 
31 177- 1-3) 185.7 0.1670 
35 1841 -3) 193.3 0.1813 
46 1981 -3) 208,0 0.221S 
60 3081 L-3) 218.8 0.2743 

ISO 319(-31 230,5 0.5208 

. F 250.0 Intercept 0.04D1 

v 

pH - 10.8 

12 204(-3) 214,5 0.0560 
15 20?{«*3) 217.6 0.0689 
SO 212(-3) 

82l{«3) 
223.0 0.0897 

28 232.6 0.1118 
31 2251-3) 237,0 0.1308 
36 2291-3) 241.2 0.1492 
41 23S(-3i 244.4 0.1678 
80 238(-3} 350.7 0.2394 

123 245(-3) 258,3 0.4724 

" P 267.8 Intercept 0.0151 
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5.0# CALIFORNIA BRHTOHjm 

time 
(talnutes) 

Force?1) Force 
(scale units) (dynes/sq. can. 

pH - 9.0 

10 89 (-3) 12.9 
17 1041-3) 32.7 
21 110(-3) 34.6 
26 1151-3) 36.2 
31 1181-3) 37.2 
36 1221-3) 38.5 
46 1271-3) 40.1 
62 1321-3) 41.7 

10? 1371-3) 43.3 

F 46.1 Intercept 

pH -8.9 

11 98C-3) 30.7 
16 1071-3) 33.6 
21 • 1131-3) 35.5 
26 119[-3} 37.6 
31 124C-3) 39.2 
36 130f-3) 41.1 
50 1355 -3) 42.7 
63 137(-3) 43.3 

106 144(-3) 45.6 

1 48.5 Intercept 

pH - 8.5 

7 IISC-3) 36.2 
13 130(—3) 41.1 
16 136{-3) 43.0 
21 1421-3) 44.9 
26 145C-3) 45.9 
31 149(-3) 47.2 
3? 153(-3) 48.6 
61 158C-3) 50.2 

129 163(-3) 51.8 

F 53.36 Intercept 

T/F 

0.3593 
0.5199 
0.6068 
0.7183 
0 «83OD 
0*9350 
1,1473 
1.4870 
2.4710 

0.1504 

0.3583 
0.4762 
0,5915 
0.6915 
0.7909 
0.8760 
1.1710 
1.4547 
2.3245 

0.1435 

0.1934 
0.3163 
0.3721 
0.4678 
0.5665 
0.6568 
0.7613 
1.2150 
2.4905 

0.0710 
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5*5% CALWQMIA mmomm 

Time Force(l) Force T/F 
(minutes) (scale units) (dynes/sq. cm.) 

jM « 9.1 

13 172(«3) 04.6 OiSSSl 
1? 1841*3) 58.6 0.8901 
82 199(-3J 83.4 0.3470 
27 2041-3) 65.0 Q.4155 
52 206C-3) 65.6 0.4878 
37 212C-3) 67.8 0.5474 
47 .218(-3) 69.5 0.6763 
61 222(~3J 70.7 0.8628 

152 234(-3) 74.7 2.0350 

F 77.25 Intercept 0.0691 

pH - 8.8 

Forced) 

5 51 (-3) 51.2 0.0977 
11 57( —3) 57,6 9,1910 
16 62C-3) 63.0 0.2540 
21 66(-3) 67.2 0,3124 
26 68(-3) 69 *4 0.3747 
31 ?0(-3) 71.5 0,4336 
36 721-5) 73.6 0.4891 
46 73C-3) 74.7 0.6158 

101 77C-3) 79,0 1.2785 

■■ W 82.7 Intercept 0.0582 



- 33- 

Time Forest 2) Force T/f 
(minutes) (scale units) (dynes/sq. ea.) 

pH - 8.5 

12 60(-3) SO .8 0.1974 
16 64C-3) 65.1 0.2458 
SI 68(-3) 69.4 0.3026 
S6 70(-3) 71.5 0.3637 
31 72(-3) 73.6 0.4212 
36 74C-3) 75.8 0.4749 
48 76C-3) 77.9 0.6161 
70 79t»3) 81.1 n.8631 

1S3 SlC-S) 83.3 1.4783 

P 86.9 Intercept 0.0524 

pH - 7.7 1 ; 1 ' 

10 5SC-3) 52,3 0.1912 
15 59C-3) 59.8 0.2508 
SI 631*3) 64.0 0.3281 
26 671-3} 68.3 0.3807 
31 70(-3) 71.5 0.4336 
36 721-3) 73.6 0.4891 
46 741-3) 75.8 0.6210 
61 77(-3) 79.0 0.7721 

130 82.5C-3) 84.8 1.5330 

7 90.6 Intercept 0,097 
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6.5# Gia*imnmA wmmiTF. 

Time Foree(2) Force T/F 
(minutes) (scale units) (dynes/sq. cm.) 

pH - 9.0 

11 8l(-3> 83.2 0.1322 
16 92C-3) 95.0 0.1684 
21 9?(-3) 100.3 0.2094 
26 102C-3) 105.6 0.2462 
31 107(“3) 111*0 0.2793 
36 109(-3) 113.1 0*3183 
46 1121-3) 116. o 0.3955 
61 IlSi-S) 119.5 0.5103 
138 1241-3) 189.1 1.0690 

F 135.5 Intercept 0.0537 

pH - 8.9 

10 90{-3) 92.8 0*1078 
16 100{-3) 103.5 0.1546 
21 104(-3) 107.8 0.19 48 
26 1081-3) 112.1 0.2320 
30 1121-3) 116.3 0.8580 
36 1151-3) 119.5 0.3012 
46 1161-3) 120.6 0.3815 
64 1221-3) 127.0 0.5040 

124 127(-3) 132.3 0.9372 

F 138.1 Intercept 0.0400 

pH - 8*4 

11 881-3) 
17 10Q(-3) 
21 105{-3) 
26 110f-3) 
31 1151-3) 
38 118(«o) 
46 121C-3) 
61 1261-3) 

138 134(-3) 

90.7 0.1213 
103.5 0.1643 
10S.9 0.1929 
114.2 0.2277 
119.5 0.2594 
122.7 0.2934 
125.9 0.3654 
131.3 0.4645 
139.8 0.9872 

F 146.8 Intercept 0.0486 
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To study thixotropic gelling we must correlate the 

the strength of the gel with time. From the data given 

in tables one to eight Inclusive it can be seen that the 

strength of the thixotropic gel approaches a constant 

value with time. That is, it appears to b© a hyperbolic 

curve. The equation deduced for such a curve is: 

JA 
1 V-Bt 

F force at time t in dyneo/sq. eta. 

t •» time in minutes 

B «=• a constant 
a t 

%o - strength attained/Jinfini.te time 

Such an equation may be converted to that of a straight 

line as follows: 

t _ 1 . t nr~ w% “u 
The best values for intercept and were calculated from 

the data by using the '’standard deviation from the mean** 

formula. 

The straight line equation obtained above was found 

to hold for all percentages of clay Investigated as 

shown by figures one to eight inclusive in which t/F was 

plotted against time. The accuracy of tills equation is 

shown by tables 9, 10, and 11. The average deviation 

for all curves relating t/3? and time is about 1.5$. 



The accuracy of correlating Force expressed as t/F and 

time ti 

TABLE 9{njaxirauia deviation) 

4.5JS clay suspension at pH of 9,2 

Time Observed t/P Calculated t/F Srror{ percent) 

15 1.1905 1.0820 22.25 
20 1.2345 1.2083 2,34 
25 1.3820 1.3514 2.19 
30 1.5707 1.4970 4.92 
35 2.6780 1.6430 0.91 
46 1.9415 1.9620 2.05 
60 2.4295 2.3890 8.55 
136 4.6340 4.5780 1.22 

Mean « §.42 

TABLE lOCraedium deviation) 

5.0^ clay suspension at pH of 10.0 

5 0.1712 
20 0.2427 
15 0.3043 
20 0.3731 
25 0.4504 
30 0.5282 
40 0.6780 
61 0.9400 
80 1.1980 

0.2749 2.12 
0.2438 0.45 
0.3113 2.25 
0.3809 2.05 
0.4495 0.20 
0.5281 1.95 
0.8553 3.46 
0.9434 0.38 
1.2031 0.59, 

Mean - t.49 

TABLE 2l(rainimum deviation) - 

8.5^ clay suspension at pH of 9.3 

11 0.2002 0.1010 
25 0.1302 0.1293 
20 0.1659 0.1647 
26 0.2101 0.2071 
30 0.2362 0.2354 
35 0.2711 0.2708 
45 0.3456 0.3418 
60 0.4462 0.4476 
220 0.8716 0.8720 

0.89 
0.70 
0.73 
1.45 
0.34 
0.12 
1.11 
0.31 
0.05 
0.63 Sean 



ThlQBRfXGAl, 33XP£AKAm& 

The eciiiation derived from data may be deduced from 

Saialuchov/skl®s equation for coagulation^/}; that is, 

if one assumes that the strength of the thixotropic gel 

is proportional to the number of primary particles minus 

the number of aggregates present "at a given time* t." If 

such an assumption is made, one can deduce the equation 

correlating this with the strength-of the gel and time 

as follows: * ' ! 

¥ *= kCn^ -£n} 

¥ <= strength of gel 

Is *=r constant 

na "=. number of primary particles 

and 

Hence, 

= number of aggregates present at a 
given time ’’ 

Tl^%t} ^ u° wJles time t is zem 

B *= constant which is equal to 4BBn 

35 - diffusion constant 

B •*= radius of sphere of actios 

V - k{n0 tia 
IV-Bt 

3 

F =r kCsyy? _t} Ckn^llt 
r^Bt i it 

kn, = - gel strength at infinite time 
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X^Bt 
Itiea, 1? _ 

which is the same as that derived from, data and which 

fits all the curves, .from this equation it follows that 

for the same concentration of clay, the larger the 

particles the smaller is len or 3? and, hence, the lower 

the maximum gel strength. Also, the intercept will he 

larger because B, or 4Mn , becomes larger, and, there¬ 

fore, the gelling will be faster. % the same reasoning 

we may also conclude that for smaller particles the maximum 

gel strength will be greater and will be reached slowly# 

To substantiate this one may see from the data in table 12 

that the hydrogen-clay, which has relatively large 

particles^'}, reaches its maximum strength in a short time. 

It will be noticed that the maximum gel strength is very 

weak. If one looks back to any of the preceding tables 

from 1 to 5, he will see that the sodium-day, which 

has particles much smaller than those of hydrogen-clay (<5'1, 

is slow in gelling and forms a strong gel. 

To explain the theory of the curves given in figures 

9 and 10 we must first know that the natural clay is 

dispersed on increase of the pH and roaches its maximum 

dispersion between the pH*a of eleven and twelve^; 

second, we must know that the charge on the particle 

decreases, as shmm in figure 11, on addition of sodium 
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TAB!® IS 

7 • o% st&rmmh wmmvml mamma) 

Tims- 
(minutes) 

Foree(X) Fores T/l? 
Cscale units) Ctiynss/eq. cm.) 

pH - 3*0 

15 101 ;-3) 2.26 7.0680 
32 13) -3/ 3.23 9.8950 
65 14.751 -3) 3.80 17.1087 
127 19 (-3) 5.17 24.5500 

F 6.2 Intercept 4.980 

pH - 3.1 

32 9.5(-3) 2.10 ' 15.2230 
65 12.51-3) 3.07 21.1600 
91 14.01-3; 3.56 25.5800 
121 15.01-31 3.88 31.1900 

F 5.8 

pH - 3.4 

30 4.0(-3) 0.323 92.7800 
201 6.0C-3] 0.960 209.3800 

y 1.47 

pH 3*7 

420 4.0(-3) 0.323 ■ 1298.6? 
1140 4.251-3) 0.404 2881.78 

F 0.444 

pH 4.3 

Bo gel strength after 16 hours 
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7ABKE 13 

i.s# cAvtmmiA mAX,ym>) 

I>H - 7.2 '«—■— no gel after 6|* ft mrs 

pH - 7.4 *»-—■ no gel after S| Hours 

pH - 7.6 —— Bo gel after §§• Hours 

pH - 7.8 ——- no gel after 5| hours-'' 

pH "8.3 —— no gel after 5§- hours- 

pH -» 8.6 ——* no gel after 5§ hours 
(signs of particles settling 

pH - 8.9 —-- no gel after 6|- hours 
(settling out of particles) 

Time 3?oree(l) force T/F 
(minutes) (scale units) (ijmes/sa,. cm.) 

30 

pH 9.2 

4.5f«3) 0.49 
..5.01-3 j 0.65 

61.2245 
45 69.2308 

■ ?.f .1.87 \ 

pH - 9.5 

15 S.75C-3) 1.21 12.3700 
20 7.75C-3) 1.54 13.0273 
30 particles began to settle out 



Time 
(minutes) 

Fare@{2) 
(scale units) 

Farce f/f 
(dynos/sq. cm.) 

pH - 9.8 

5 X?C-3) 
11 281-3} 
16 361-3) 
SI 48{~3) 
26 481-3) 
31 SlC-3) 
3? 551-3) 
4? 53 (-3) 

122 781-3) 

1 99.? 

14.9 • 0.3424 
88.7 0.4124 
35.S 0.4542 
41.6 0.5045 
48.0 0.5415 
51. 2 0.6053 
55.5 0.6669 
59.7 0.7873 
80.0 1.5243 

Intercept 0.3049 

pH — 10.? 

11 50(-3) 50.2 0.8187 
16 61(-31 61.3 0.2585 
21 671-3) 68.3 0.3075 
26 72C-3) 73.6 0.3532 
31 771-3) 79.0 0.3926 
35 821-3) 84.3 0.4153 
46 86(-3) 88.6 0.5193 

126 102*-3) 105.6 1.1930 

F 118.3 Intercept 0.1373 
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hydr02d.de. Therefore, for an increase in pH the large 

increase in maximum gel strength is due mainly to the 

increase in number of particles,and the decrease in 

charge is only secondary in increasing the maximum gel 

strength. 

In the case of the decrease of pH by use of 

hydrochloric acid, the increase in maximum gel strength 

is due entirely to the decrease in charge. The decrease 

in charge allows the particles to fit closer together 

and, therefore, increases the strength of the gel by 

stronger cohesion of the particles. 

To further substantiate this, figyr© 12 shows the 

effect of increase in chargeCcurve 2) on maximum gel 

strength. Curve (1) shows the effect of lowering the 

particle charge on maximum gel strength. From these curves 

we may draw the conclusion that after the charge on the 

particles has reached a certain value, an increase above 

this value will stop the gelling and a lowering below 

it will increase the maximum gel strength. 

In conclusion, one might summarise the above by 

saying. Cl) that the charge on the particle.and the sis© 

of the particle influence the rate of gelling and the 

final gel strength, and (2) that the concentration of 

the thixotropic clay suspension influences the rate 

of gelling and the maximum gel strength. 
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