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A Device for Measuring Tensions in Water 
OLIVER H. GILBERT, JR., Research Assistant, 
Department of Civil and Sanitary Engineering, Massachusetts Institute of Technology 

The measurement of negative pore water pres­
sures in soil systems is important in both re­
search and design studies on precompressed 
saturated clays and partially saturated com­
pacted clays. To date, no equipment that can 
measure water tensions below absolute zero 
pressure under conditions of changing external 
stress has been available. This paper de­
scribes such equipment. 

In the device described here, the sensing 
element contacting the soil is a fine-grained 
ceramic stone, which is connected by a closed 
water system to a flexible steel membrane. 
Tension is controlled by externally adjusting 
the membrane deflection. The absence of a 
free water surface prevents cavitation. 

Calibration data demonstrate that the pore 
pilot can indeed measure water tensions be­
low absolute zero pressure. 

#THIS PAPER describes a tensiometer capable of measuring water tensions of large 
magnitudes. The absence of a free water surface within the system prevents cavitation 
of the water at pressures below absolute zero pressure. The device was calibrated by 
application of pressures and vacuums of known magnitudes. Computed osmotic pres­
sure differences were used for calibration in the high tension range. The calibration 
results demonstrate that the device can indeed accurately measure water tensions as 
large as 90 psi (all pressures referred to in this paper are gage pressures). 

This device was developed at the Soil Engineering Division, Department of Civil and 
Sanitary Engineering, Massachusetts Institute of Technology, as the f i rs t phase of a 
doctoral research program on the properties of compacted clays. The research pro­
gram is under the supervision of Dr. T. William Lambe, Head of the Soil Engineering 
Division. 

THE IMPORTANCE OF WATER TENSION MEASUREMENTS IN SOILS 
The importance of "effective" or "intergranular" stresses in the determination of 

the properties of soils has long been recognized in soil mechanics. The effective stress 
concept was f i r s t formulated by Terzaghi (12). The validity of this concept for saturated 
soil systems has been demonstrated experimentally {1, 2). 

In saturated clays appreciable negative pore water~pressures can be developed: 
During the imdrained shear of over-consolidated clays; upon removal of overburden and 
desiccation; and during sampling. Hansen and Gibson {T) have presented a detailed 
theoretical treatment on the effects upon shear strength caused by the change of stress 
a clay undergoes during sampling; however, lack of instrumentation for the measure­
ment of the induced negative pore water pressures allowed only qualitative conclusions. 

The measurement of water tensions is of prime importance in the study of partially 
saturated, compacted clays. It is felt by many that the strength of compacted clays is 
due primarily to the negative pore water pressures developed during compaction. Hilf 
(8) measured a water tension of 13.8 psi in a clayey silt compacted at optimum water 
content by Standard Proctor compaction. It cannot be assumed that water tensions in 
compacted soils are equivalent to negative pore water pressures as used in the effective 
stress concept, as this concept applies only to saturated systems. The degree of dis-



crepancy wi l l depend upon many factors, the two main factors being the degree of sat­
uration and the compressibility of the soil. Much experimental work remains to be 
done in this area. 

REQUIREMENTS FOR WATER TENSION MEASUREMENTS IN SOILS 
Needed for research on compacted clays is a device that can measure moderately 

large water tensions in both saturated and partially saturated soils systems under con­
ditions of changing external stress. The equipment should require no moisture trans­
fer between soil and device and should have a negligible time lag. Such a device has 
been developed and is described herein. 

Table 1 summarizes available methods for determining water tensions in soils to­
gether with the tension range for which the methods are suited (4, 5, 11). 

As normally performed, all of the above techniques involve moisture transfer with 
a concomitant time lag to equilibrium. The tensiometer and pressure membrane meth­
ods can be modified so that they are "no flow" devices. Hilf's device (8) for measur­
ing pore pressures in compacted clays is basically a combined tensiometer-pressure 
membrane system modified to operate as a "no flow" device. However, his device is 
st i l l limited to a tension of 0.8 atm, and the air pressure applied in the pressure mem­
brane method precludes other possible changes in external stress. 

DESCRIPTION OF DEVICE 
Basic Principles 

The device described below is basically a tensiometer so modified as to operate 
under "no flow" conditions, with the tension range greatly extended beyond 0.8 atm. 
Tensions below absolute zero pressure are possible because there are no free vapor-
liquid surfaces present in the system. A schematic of the device is shown in Figure 1. 

It measures the pressure or tension nec-
TABLE 1 essary to prevent the flow of water out of 

MFTwnn<5 FOB n i T T F B V i T t m j r , or into the soil mass. The sensing ele-wI??R?JSS!S?^ ment which is in contact with the soil con-
SOIL WATER TENSIONS ^.^^g ̂  ^ ^^^^ ceramic cylinder and is 

After Aitcheson (1) connected by a continuous closed water 
« 1.U J D A* 1 system to a chamber above a steel mem-
Method TensionRange, Atmospheres ^ ^ ^ ^ Hie membrane is initially pre-

stressedf rom below by air pressure. Water 
movement toward or away from the ce­
ramic stone is indicated by movement of 
a mercury null slug in a capillary bore 
section of Incite tube between the stone 
and the steel membrane. The change in 
air pressure necessary to prevent water 

movement out of or into the soil can be interpreted as a tension or a pressure in the 
pore water. 

It can be shown by thermodynamics that a liquid, when sealed in a closed system 
without a free surface, may be tensioned well below its vapor pressure without boiling. 
The fact that water can withstand considerable tension has also been demonstrated ex­
perimentally. Green (6) has summarized the work of Berthelot (1850), Dixon (1909), 
Meyer (1911), Vincent and Simmonds (1943), and Temperley and Chambers (1946). In 
these experiments, the researchers sealed a section of capillary tube in which a small 
bubble of air was purposely entrapped in the water-filled tube. The tube was gently 
heated vmtil the bubble disappeared and then was allowed to cool. In al l cases the tem-
peratxu:e at which the bubble reappeared was considerably below the disappearance 
temperature. Computation of the contractions during cooling ledtothe value of induced 
water tension. There was general agreement that water containing air in solutiong 
could withstand a tension of 40 atm in a closed vessel. In 1951 Green (6) performed 
a modified Berthelot experiment. He vacuum-distilled his water, completely de-airing 

Tensiometer 0--0.8 
Tension Plate 0--0.8 
Pressure Membrane 0.1--20 
Gypsum Block 0.5--50 
Sorption (Vacuum 

Desiccation) 10-•10.000 



i t . A bubble of water vapor was entrapped instead of an air bubble. Water tensions 
were obtained upon cooling of 190 atm. These experiments clearly demonstrate that 
in the absence of a free surface water can withstand considerable tension without cav­
itation. 

Design Details 
The device was designed for a maximum range of approximately 10 atm of tension. 

A schematic of the device is shown in Figure 1. The membrane chamber was construc­
ted of stainless steel. A l l other fittings are soft brass, joined by Vs- in. copper tubing. 
The null section consists of a % - i n . lucite tube with a 0.040-in. bore, screwed by 
means of Vs-in. pipe threads into brass fittings. Pipe threads were used throughout. 
The copper tubing is connected to other fittings by means of standard compression 
sleeve fittings. The five valves used in the apparatus were specially constructed piston 
type plug valves similar to those described by Bishop and Henkel (3). Sealing between 
the piston and bore is accomplished by "0" rings. 

The steel membrane design was a compromise between flexibility for adequate dis­
placement sensitivity at the null section and rigidity for adequate strength under the 
prestress air pressure. The membrane was treated as a circular plate with clamped 
edges, (13), and designed for a prestress air pressure of 200 psi. The final design 
dimensions are shown in Figure 2. The critical seal between the top and mem­
brane sections was accomplished by use of an inset lead gasket. 

Temperature changes cause unequal expansion (or contraction) of the steel chamber 
and the enclosed Avater. Calculations show that the pressure-temperature response of 
the device is-t-1.1 psi per degF. As ambienttemperature can be controlled within a degree 
during the duration of most tests and the precision of the pressure gage used is ± 1 psi, 
it is felt that this effect is minor. 

BOILING W A T E R 
S U P P L Y -INTRODUCE Hg 

TRIAXIAL C E L L 

C E R A M I C 
S T O N E 

PISTON V A L V E S 

TO VACUU^M OR V E N T 

Hg S L U G 

N U L L S E C T I O N 
MEMBRANE 
CHAMBER 

AIR P R E S S U R E 

Figure 1. Schematic of device. 



The ceramic stone used is a 0. 5 in. diameter by 0.9 in. long cylinder of Linde 
alumina, f ired at 1,000 C. The stone was prepared by the Ceramics Division, Depart­
ment of Metallurgy, Massachusetts Institute of Technology. The stone is attached to 
the system by means of a "Flex" fitting, consisting of a compression fitting acting on 
a rubber compression sleeve. 

A major construction problem to be overcome was the possible entrance of air into 
the system through valves, fittings, construction joints, and the pores of the ceramic 
stone. Such entrance of air would immediately cause cavitation in the tensioned water 
system. 

Al l joints are water-filled during preparation for testing. Tight joints wi l l act as 
two-dimensional capillaries. They wi l l not drain in the presence of air until the pres­
sure differences across them exceed their capillary head. Assuming the surface ten­
sion of water as 0.075 gm/cm, it can be shown that the joints wi l l exclude air under a 
water tension of 10 atm if the joint width is less than 6 micro-in. The same reasoning 
applies to the maximum permissible radius of continuous pores in the ceramic stone. 
These dimensions cannot be measured; satisfactory joint design can only be proven 
during calibration of the equipment. Nonetheless, joints of maximum possible tightness 
remained as a prime requirement. 

Preparation of the Device for Testing 
It is essential that the device be completely filled with de-aired water. Because the 

presence of the smallest air or water vapor bubble wi l l allow cavitation to occur, ex­
treme care must be taken in fi l l ing the device. A step-by-step preparation procedure 
is outlined in Table 2. Valve numbers refer to Figure 1. 

CALIBRATION 
If the water and the device itself were perfectly incompressible, the induced tension 

in the water would be exactly equal to the reduction in the air pressure acting upon the 
membrane. However, because volume changes occur in the device with changes in 
pressure, the membrane wil l deflect somewhat, even though the merciu-y slug is main­
tained stationary. As the steel membrane is very stiff, this small deflection due to 
volume changes results in a water tension smaller than the drop in air pressure. If a 
1 to 1 correspondence between air pressure drop and induced tension is defined as an 
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MACK SCI 
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' /e"BORE 

0 . 3 6 3 ^ 
/ / F.P.T WATER SPACE 

AIR SPACE 16 ' / • - 2 0 
MACH S C R E W S 

EQUALLY SPACED 

LEAD 
GASKET 

RUBBER 
GASKET 

Figure 2. Steel membratie details. 
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Figure 3- Modified n u l l section. 

efficiency of 100 percent, calculations 
show that the compressibility of the water 
alone wi l l reduce the efficiency to 95 per­
cent. Compression of fittings, valves, 
gaskets, etc., wi l l reduce the efficiency 
st i l l more. Just how much must be deter­
mined by calibration tests. 

The deflection behavior of the steel 
membrane was investigated to determine 
whether it was operating within its elastic 
range. If not, fatigue and plastic defor­
mations would preclude any consistent 
calibration of the device. The device was 
prepared in the usual manner except that 
the stone was left out and valve 5 remained 
closed. Before air pressure was applied 
to the membrane, valves 1 and 3 were 

opened; allother valves remained closed. The displacement of the mercury null versus 
applied air pressure was measured up to a maximum air pressure of 200 psi. The air 
pressure was decreased by steps to zero. This process was repeated several times. 
It was found that the null movement was perfectly reversible, so that the membrane 
operates within its elastic range. The flexibility constant of the membrane was found 
to be 3.7 X 10"* in.^/psi, which compares favorably with the theoretical design value 
of 3.1 X 10"* in. Vpsi. 

Because of the compressibility of the system between the null section and the ceramic 
stone, the system is not truly a "no flow" device when the mercury slug is maintained 
in a constant position in the null section. The resulting time lag to equilibrium pres-
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Figure 5. Osmotic pressures (after 
Berkeley, Hartley, Morse, and Frazer). 

sure depends upon the system compress­
ibility and the conductivity of the stone— 
the ease with which the stone allows water 
movement under pressure. The stone con­
ductivity was measured by preparing the 
device in the usual manner described in 
Table 2. The porous stone assembly was 
inserted in a triaxial chamber filled with 
water. An air pressure was applied to the 
triaxial chamber, and valve 1 closed and 
valves 4 and 5 opened. The time-displace­
ment of the mercury null slug was observed 
(this is basically a constant head permea­
bility test). The conductivity of the stone 
was 0.0051 cc/atm-min. This relatively 
low conductivity value led to a noticeable 
time lag to equilibrium pressure in the 
over-all calibration tests described later. 
A modified null section that wi l l eliminate 
this undesirable time lag is now under con­
struction (Fig. 3). While the mercury slug 
wi l l be maintained in a fixed position as 
before, an adjustable piston wi l l allow con­
trol of the volume of the system between 
the fixed mercury slug and the ceramic 
stone, thereby compensating for the com­
pressibility of that part of the system. 

The air-entrance pressure of the ceramic stone—the air pressure applied to the 
water-saturated stone at which air wi l l displace water from the pores—is of critical 
importance when measuring water tensions in partially saturated soils. When the 

TABLE 2 
PREPARATION PROCEDURE 

1. 
2. 
3. 
4. 
5. 

6. 

7. 

8. 

9. 
10. 
11. 

12. 
13. 
14. 

Al l valves closed. 
Open valves 1 and 2; evacuate system with vacuimi pump attached at valve 2. 
Attach boiling distilled water supply at valve 3. 
Close valve 1; open valve 3; after several minutes open valve 5. 
When porous stone compression fitting is overflowing with water, insert stone 

(previously boiled in distilled water) and screw on compression fitting. Close 
valve 5. 

Open valve 1. After water flow through the system has occurred for 10 minutes, 
close valve 2 and remove vacuum pump. 

Allow 10 minutes for the hot water under positive head to f i l l system, collapsing 
any vapor pockets left by the vacuum. 

Open valve 4, f i l l ing hose up to funnel. Close valves 4 and 3, remove water sup­
ply hose at 3. 

Allow system to cool to room temperature. 
Introduce slug of mercury through funnel, open valve 4. 
Partially open valve 3, letting out sufficient water imtil mercury slug appears in 
Incite null section. 

Close valve 3, then 4. 
Open valve 2 and apply desired prestress air pressure to bottom of membrane. 
Close valve 2. 

The system is now ready for operation. 



measured tension exceeds the air-entrance pressure, air can enter the system through 
the stone and cause cavitation. The air-entrance pressure of the stone was measured 
by assembling the device as described in the above paragraph and then applying air 
pressure directly to the saturated stone (a pressure membrane technique). The air 
pressure was increased in 5 psi increments. There was no noticeable movement of 
the mercury null until an air pressure of 35 psi was reached. At that point the air 
overcame the capillary head of the stone, and the mercury null moved at a slow, con­
stant rate away from the stone. 

The air-entrance pressure of the ceramic stone is small compared with the design 
range of the device. However, there are ceramic stones available with much larger 
air-entrance pressures. Kemper (9) has experimentally determined air-entrance pres­
sures of 9 atm in some commercially produced ceramic stones. 

The over-all calibrationof the device was a relatively simple matter in the pressure 
range from -12 to +80 psi. Under test conditions the mercury null is held in a con­
stant position by adjusting the membrane air pressure. Therefore, it is only the com­
pressibility of the system from the null slug back towards the membrane that influences 
the calibration of the system. The ceramic stone was removed and a pressure (or vac­
uum) line was attached at valve 5 (Fig. 1). Different magnitudes of pressure and vac­
uum were applied at valve 5, and the membrane air pressure change necessary to pre­
vent movement of the mercury, null was recorded. These data are plotted in Figure 4. 

It was necessary to find some method for calibrating the device in the range of mod­
erately large tensions. Some means of obtaining large tensions of known magnitude 
was required. The phenomenon of osmosis was finally decided upon (a more detailed 
description of the phenomenon can be found in (10)). 
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If a chemical solution is separated from a supply of pure water by a semi-permeable 
membrane—permeable to water but impervious to the chemical solute—there is a tend­
ency for the solution to dilute itself to a uniform concentration throughout. As the 
solute cannot pass the membrane, the distilled water tends to flow through the mem­
brane into the solution. If the movement of water is prevented by mechanical means, 
the resulting pressure P acting across the membrane is referred to as the osmotic 
pressure. 

For dilute solutions the magnitude of osmotic pressure can be predicted accurately 
by van't Hoff's equation: 

PV = nRT 
where P = osmotic pressure 

V = volume of solution 
n = number of molecules of solute 
R = gas content 
T = absolute temperature. 

For relatively concentrated solutions the van't Hoff equation loses some of its ac­
curacy in the same manner that the ideal gas law ceases to apply at large pressures. 
Osmotic pressures then become a matter for experimental determination. 

Osmotic pressures were f i rs t measured with some degree of accuracy by Pfeffer in 
1877. More accurate determinations were made between 1901 and 1923 by Berkeley, 
Hartley, Morse, and Frazer (1^). Their results with aqueous sucrose solutions are 
shown in Figure 5. It can be seen that there is a small temperature dependence, as 
would be expected from the van't Hoff equation. At 20 C, their results can be expressed 
empirically as: 

P = 25.3 m 

where P = osmotic pressure, atm. 
m = molarity, gram formula wt/lOOO g H2O. 

In the above experiments positive pressures were measured; that is, the pressure 
applied to the solution to prevent water inflow through the semi-permeable membrane. 
In the calibration of the device, negative pressures were measured—the necessary 
tension applied to the distilled water to prevent inflow into the semi-permeable mem­
brane. 

It must be admitted that the ceramic stone is not a perfect semi-permeable mem­
brane. It was felt, however, that diffusion of sucrose molecules through the stone in 
the relatively short time to equilibrium would be negligible—this was borne out by de­
terminations of the "down-stream" sucrose concentrations after the tests. 

Two osmotic calibration tests were run with aqueous sucrose solutions of 0.180 m 
and 0.240 m respectively. The system was filled with de-aired distilled water as de­
scribed previously. The porous stone was inserted into a triaxial chamber which was 
filled with 2 liters of the sugar solution. The membrane air pressure was regulated 
to prevent movement of the mercury null towards the stone. A plot of air pressure 
versus time is shown in Figure 6. There is a pronounced time lag due to the low con­
ductivity of the porous stone and the compressibility of the system. After completion 
of the tests, samples of the originally distilled water below the stone were tested for 
sugar content by evaporation. The sugar concentration was less than 0.001 m. 

The predicted osmotic pressures based on the data shown in Figure 5 are plotted 
versus membrane air pressure change in the calibration curve of Figure 4. 

CONCLUSIONS 
Examination of Figure 4 shows two linear calibration regimes: one for positive 
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pressures corresponding to an efficiency of 68 percent, and one for negative pressures 
corresponding to an efficiency of 75 percent. Because all of the fittings are tapered 
pipe threads or tapered copper compression sleeves, it is not surprising that the system 
is less compressible under water tensions. The fact that the negative pressures de­
termined by the direct application of vacuum are consistent with the negative pressures 
determined by osmotic calibration is an indication of the validity of the calibration 
method. 

In conclusion, i t has been demonstrated that the device described can accurately 
measure water tensions to a magnitude of 90 psi in saturated systems. The limiting 
tension of the device when used with partially saturated soils is the air-entrance pres­
sure of the ceramic stone. 
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Mechanisms of Swelling by Compacted Clay 
CHARLES C. LADD, Soil Engineering Division, Department of Civil and Sanitary 
Engineering, Massachusetts Institute of Technology 

The mechanisms believed to cause swelling in 
saturated clay-water systems are f i r s t reviewed. 
These concepts, drawn primarily from soil chem­
istry and soil physics, are extended to compacted 
natural clays. Test data are presented to show 
the effects of the ion concentration in the pore fluid 
on the swelling behavior of a highly plastic clay. 
These data consist primarily of heaving and fluid 
pickup measurements on samples molded with pure 
water and soaked in solutions of varying salt con­
centrations . 

For the clay investigated, i t is concluded: 
1. For samples compacted wet of optimum 

water content, swelling can be explained by 
osmotic repulsive pressures arising from the 
difference in ion concentration in the double-
layer water between interacting clay particles 
and that in the free pore water. 

2. For samples compacted dry of optimum 
water content, swelling is influenced by factors 
in additions to osmotic pressures. These other 
factors may be: the effect of the negative electric 
and London van der Waals force fields on water, 
cation hydration and the attraction of the particle 
surface for water, elastic rebound of particles, 
a flocculated particle orientation, and the pres­
ence of air. The relative importance of these 
other factors is not known. 

• IN SEVERAL areas of the world the differential heaving of foundations due to the 
swelling of highly plastic clays has resulted in severe damage to buildings. Swelling 
of clay also changes the engineering properties of strength, compressibility, and per­
meability. For many earth structures, such as road subgrades and embankments, a 
loss of strength or an increase in compressibility wi l l be of greater concern to the soil 
engineer than the heaving per se. As the use of clay, and especially highly plastic clay, 
for earth structures increases, the need for a better understanding of the swelling phe­
nomenon becomes greater, since the soil engineer must not only know the "as-compacted" 
properties of clay, but also know how these properties change with time. 

The swelling behavior of a compacted clay wi l l be governed primarily (but not solely) 
by the following factors: 

1. Composition of the clay—composition and amount of clay minerals, nature and 
amount of exchangeable cations, proportions of sand and silt in the clay, and presence 
of organic matter and cementing agents. 

2. Compaction conditions—molded water content, dry density, degree of saturation, 
and type of compaction. 

3. Chemical properties of the pore fluid—both that during compaction and that which 
is imbibed during swelling. 

4. Confining pressure applied during swelling. 
5. Time allowed for swelling. 
This paper is an effort to explain the swelling phenomenon in compacted clays. This 

10 
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work is part of a fundamental study of the behavior of fine-grained soils that is cur­
rently being carried on by the Soil Engineering Division at MIT. 

Data are presented to show the effects of salt content in the pore fluid on the swelling 
characteristics of a compacted natural clay. The data consist primarily of heaving and 
fluid pick-up measurements on samples molded with pure water and then soaked in solu­
tions of varying salt concentration. The idea for this study came from research in soil 
physics and soil chemistry by such workers as Bolt (3) and HemwallandLow(^). These 
workers ran consolidation-rebound tests on fractionated samples of pure clay minerals 
and showed that an osmotic repulsive pressure is developed between clay particles that 
causes rebound or swelling when the effective stress (total pressure minus pore pres­
sure) on the sample is reduced. This repulsive pressure is proportional to the differ­
ence in salt content in the water between the clay particles and that in the "free" pore 
water. 

The author's data indicate that osmotic repulsive pressures play an important role 
in the swelling of a compacted natural clay since an increase in the salt content of the 
soaking solution was found to reduce the amount of swelling by the soil. It was found, 
however, that swelling is influenced by factors in addition to osmotic pressures. Other 
possible swelling mechanisms are discussed. 

Since principles of physical and colloidal chemistry and related fields are important 
to an understanding of swelling, the f i rs t portion of the paper summarizes those physio-
chemical properties of saturated clay-water systems which are thought to influence 
swelling. These concepts are then extended to compacted natural clays. Only inorganic 
clays are considered. While the theoretical considerations are somewhat oversimpli­
fied and the experimental data and conclusions admittedly incomplete, i t is hoped that 
the reader may at least gain a better insight into the causes of swelling by compacted 
clay. 

THEORETICAL CONSIDERATIONS 
Swelling in Saturated Clays 

Swelling of saturated clay is considered f irs t , since its behavior is somewhat sim­
pler and better understood than that for a partially saturated soil such as compacted 
clay. An excellent example of the swelling behavior of the former is the rebound por­
tion of a standard consolidation test on a saturated clay for which any volume increase 
in the clay sample is accompanied by an equal (neglecting changes in the density of 
water) increase in the volume of water in the clay. 

The Clay Micelle. — Figure 1 represents 
schematically a clay particle immersed in 
pure water. Sufficient exchangeable cations 

Boundary of (the effect of the hydrogen and hydroxide ions 
Double Layer in water are not considered in this paper) sur-

round the particle and are attracted to i t by a 
net negative charge in the clay particle in or-

© ~v^^ der that the cations plus the particle constitute 
® \ an electrically neutral system. This system 

© © \ is designated the clay "micelle." The ions 
' andwater within the micelle constitute the 

© ® ) "double layer." If the clay particle were im-
j mersed in a salt solution instead of pure water, 

@ ® / then anions would also be present in the double 
® /' layer, but the number of cations would be in-

© / creasedaccordingly in order that the micelle 
/ st i l l remain electrically neutral. In other 

© / ' words, the double layer includes that portion 
^- -—. ^ - ' of the water surrounding the particle in which 

there is a negative electric field requiring an 
excess of positive charges relative to nega-

Figure 1. The clay micelle in pure water. tivecharges. 

/ © 
/ © 

V 
© © 

© © 
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The variation in cation and anion con­
centration with distance f r o m the clay par­
t icle surface fo r suspensions of clay in 
water can be calculated f r o m principles of 
colloidal chemistry, the Gouy-Chapman 
theory being an example (8). Calculations 
based on such theories are quantitatively 
correct fo r the ideal systems f o r which 
the theories were developed; however, 
most natural soils are fa r f r o m these 
ideal systems so that one can only use 
such theories in a qualitative manner 
when dealing with soils. 

Forces Between Clay Particles. — The 
magnitude of reboimd in a standard con­
solidation test i s , of course, directly related to the decrease in effective stress. In 
turn, the effective stress "a can be related to physicochemical forces acting between 
clay particles, and i t is these latter forces that are basically responsible f o r swelling. 
Lambe ( U ) represents this relationship between forces by the expression (Fig. 2) 

= R - A 

for paral lel particles at an equilibrium interparticle spacing of 2d (this relationship 
and the following discussion of the forces involved apply to interparticle spacings of 

greater than 10 to 20 A . ) where: (assum-

Figure 2. Forces between 
particles. 

two clay 

Pg = Osmotic Pressure 

Piston 

Solution 
/such as sugarv 
V in water I \ 

Pure 
Water 

Semipermeable 
Membrane 

Figure 3. The osmotic 
solution. 

pressure of a 

ing unit area) 

1. A = the attractive pressure which is 
usually considered to be caused by London 
van der Waals secondary valence forces of 
attraction between the adjacent clay p a r t i ­
cles. (This secondary valence force is 
p r imar i ly a function of particle thickness 
and interparticle spacing and decreases 
rapidly with increasing interparticle 
spacing (8).) 

2. R = the repulsive pressure which 
arises f r o m the interaction of the double 
layers associated with the two clay p a r t i ­
cles. This pressure w i l l be discussed. 

A parallel particle alignment is assumed 
in order to s impl i fy the concept of inter­

particle forces. "Edge effects" arising f r o m electrical charges at the edges of the 
particle are neglected. These edge effects may cause an additional attractive force 
between particles that can lead to a nonparallel particle orientation ( n ) . 

A l l natural clays w i l l swell or rebound when the effective stress W is reduced and 
many, part icularly i f remolded (remolding tends to align clay particles into a more 
nearly paral le l orientation and also tends to break attractive bonds that may have existed 
between particles at points of contact pr ior to remolding, Lambe (11)), w i l l even slake 
completely i f a is reduced to zero (for example, the result of immersing an tmsupported 
chimk of clay in water). Hence, f o r these clays R must be greater than A f o r at least 
some of the particles, and the mechanism of swelling can be studied by investigating 
the nature of the repulsive pressure R. 

I t is generally believed. Low and Deming (1^), that this repulsive pressure has sev­
eral components. One of the most important components is thought to be caused by an 
osmotic pressure (This osmotic pressure is the "electr ic l repulsion" re fe r red to by 
other wr i te rs such as Lambe (10, U ) . The higher ion concentration causing osmotic 
pressures arises, after a l l , f r o m the electric f i e l d in the double layer . ) arising f r o m 



13 

/ 
©® 

- Doubia Loywa Overlap 

-Imogmory SainipermaabI* 
Membrane Surrounding 

Cloy Rarticlee 

Figure k. Osmotic pressure between 
clay particles immersed in water. 
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the higher ion concentration in the double-
layer water of the clay micelle than in the 
"f ree" pore water, that is, that water out­
side of the micelle. The nature of the 
other components w i l l be presented after 
a discussion of osmotic pressures. 

Osmotic Repulsive Pressure (Pr inc i ­
ple) . —When an aqueous solution is separated 
f r o m pure water by a semi-permeable 
membrane, that is, a membrane that per­
mits the passage of water but not that of 
the substance dissolved (solute) in the so­
lution, water tends to pass through the 
membrane into the solution, thereby d i lu ­
ting i t . This phenomenon is called "osmo­
sis. " The pressure that must be applied 

Silt Particle 

Air-Water Interface 

to the solution in order to prevent the flow of water into the solution through the semi­
permeable membrane is called the "osmotic pressure" of the solution. This is shown 
diagramatically in Figure 3. 

Although a mechanistic picture has not yet been developed to explain fu l ly osmosis, 
there are formulas f o r calculating osmotic pressures. One of the simplest of these is 
the van't Hoff equation which yields 

Po = RTc 

where_Po = osmotic pressure (g per sq cm), R = gas constant, T = absolute tempera­
ture (RT = 2. 5 X lO'' g cm per mole f o r 20 C), and c = concentration of solute (moles 
per cc of solution). (The van't Hoff equation as presented is only s t r ic t ly applicable to 
very dilute solutions of nonelectrolytes. 
Measured osmotic pressure values exceed 
calculated values f o r most other cases, 
Prutton and Marion (17).) Osmotic pres­
sures can reach very large magnitudes. 
For instance, 130 gm of sugar per l i t e r 
of aqueous solution exerts an osmotic pres­
sure of about 10 tons per sq f t . Osmotic 
pressures can, of course, be developed 
between two solutions of unequal concen­
tration so that 

Po = RT (ca - Cb) 

where c^ and Cb refer to the solute concentrations on either side of a semi-permeable 
membrane. 

Osmotic Repulsive Pressure (in Clays). —Osmotic pressures can act in clays since: 
(a) there exist differences in solute concentrations (in this case ions are the solute), 
and (b) the electric f i e l d around the negatively charged clay part icle acts as a semi­
permeable membrane. This can be illustrated by picturingtwo clay particles that have 
been immersed in a beaker of pure water and pushed under an effective stress or to an 
interparticle spacing of 2d, as shown in Figure 4. (Pure water is used to s impl i fy the 
i l lustrat ion, because in this case the only ions in the double layer w i l l be the exchange­
able cations.) Because of the exchangeable cations, the concentration of ions in 
the double-layer water is larger than the concentration of ions in the f r ee water. The 
exchangeable cations are attracted to the clay particles by the negative electric f i e l d 
arising f r o m the negative charge on the particles. Hence the electric f i e ld acts as a 
semi-permeable membrane in that i t w i l l allow water to enter the double layer but w i l l 
not allow the exchangeable cations to leave the double layer. The dashed line in Figure 
4 depicts f iguratively this "semi-permeable membrane." One can see that due to the 
difference in ion concentrations between points such as "a" and "b", water would l ike 
to f low f r o m "b" to "a" and that an effective stress a (plus the attractive pressure A) 

Clay Parti 
Cluster 

Figure 5. An i l l u s t r a t i o n of pore 
tensions i n compacted cle^. 

water 
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is required to prevent an increase in inter-
particle spacing, that is , swelling. If a 

^ is reduced, then water f lows f r o m "b" to 
"a", thus decreasing the ion concentration 

Capillar Tube o^^^ words, the double layer is 
(Tscosac ^ a I ary u e expanded) unt i l the correspondingly lower 

Water ^ p ^ r A Water ir osmotic pressure is again in equilibrium 
^-fa * * wi th the effective and attractive pressures. 

At this point one might re-examine the 
p^—f^(»stx meaning of the t e rm "pore water pressure" 
where- Ts • surface tension in water as used in soi l engineering. When the soil 

r = radius of capillary tube engineer measures pore pressures, as f o r 
tx' contact angle instance with a piezometer, he measures 

the pressure in the "free pore water" (that 
Figure 6. Air preasure In capil lary tube. water outside of the double layer) . For a 

particle arrangement as shown in Figure 4, 
the pore pressure u as used in soil engineering is , therefore, the pressure in the water 
as a point such as "b" . The total pressure in the double-layer water (to mean water plus 
Ions) at a point such as "a" midway between clay particles is , however, greater than u 
by a pressure equal to the developed osmotic pressure (and possibly other pressures to 
be mentioned) and this pressure increase is counterbalanced by (a + A) . This assumes 
that the pore pressure u also acts between particles. For a detailed discussion of var­
iations in water pressures throughout a clay-water system, see Low and Deming (12). 

Osmotic Repulsive Pressure (Factors Influencing).—The ion concentrationdifferen-
tial that determines the osmotic repulsive pressure between particles is the ion con­
centration at the midplane between particles (that is, point "a" in Fig . 4) minus the ion 
concentration in the water outside of the double layer (the f ree pore water). Thus, based 
on the van't Hoff equation, the osmotic pressure becomes 

Po = ^ T ( c ^ - c^) 
where Cg and C Q refer to the total ion (both cations and anions) concentration (moles 
per cc) at the midplane and in the f ree pore water, respectively. (The reader is r e ­
f e r r e d to Bolt (3), Kruyt (8), Low and Deming (12), Hemwall and Low (5) and Lambe 
(11), f o r a more detailed presentation and discussion of these and other factors and f o r 
acIHitional reference material.) 

Whereas the ion concentration in the f ree pore water C Q can be easily measured, the 
midplane concentration c^ must be computed f r o m a theory relating ion concentration 
with distance f r o m the clay particle surface. For certain ideal cases, the Gouy-Chap-
man theory has been used and the calculated osmotic pressures checked experimentally. 
Bolt (3) andWarkentin, e ta l . (22) ran consolidation-reboimd tests on samples of f r a c -
tionafed (minus 0.0002 mm) monlmorillonite and i l l i t e with various exchangeable cations 
and pore water ion concentrations over a pressure range of f r o m 0 .1 to 50 tons per sq 
f t . Their data show that the compression-swelling curves based on osmotic pressures 
computed f r o m the Gouy-Chapman theory agreed qualitatively and in some cases almost 
exactly wi th the observed curves, and i n a l l cases the observed trends corresponded 
with theory. (Bolt and Warkentin, et a l . (22) hypothesize that unknown variations in p a r t i ­
cle shape and spacing can account fo r much of the discrepancy between the computed and 
measured curves.) 

Of main interest, the Gouy-Chapman theory tells us (as does intuition) that fo r a 
given clay: 

1. For a constant interparticle spacing, PQ decreases with increasing ion concen­
trat ion in the f ree pore water. 

2. Pg decreases with increasing interparticle spacing. 

Furthermore, the data by Bolt and others indicate that variations in osmotic pres­
sures, and hence swelling, as predicted by the Gouy-Chapman theory, should also^apply 
in a qualitative sense to natural clays f o r interparticle spacings exceeding 10 to 20 A. 
A quantitative treatment of natural clays is , of course, impossible because the extreme 
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variations in particle size, shape, composition, orientation, and spacing preclude any 
realistic computation of interparticle forces. 

Other Repulsive Pressures and Swelling Mechanisms. — The previous discussion has 
shown that an osmotic pressure can reasonably account for a repulsion between clay 
particles which results in swelling, or in other words, an expansion of the double-
layer, when the effective stress on a clay sample is reduced. Other factors may also 
contribute to swelling. One of these is the effect of secondary valance or London van 
der Waals forces on the water surrounding clay particles, Hemwall and Low (5) and 
Low and Deming (12). Another is the effect of the negative electric f i e ld on the double-
layer water. Both of these force fields are believed to attract water to the soi l p a r t i ­
cles, although the latter force f i e l d is not thought to contribute to R fo r part icles at 
equilibrium. Low and Deming (12). Whereas there are f a i r l y extensive data indicating 
that osmotic pressures play a very important role in swelling, at least fo r certain clay-
water systems, there are no known data f r o m which definite conclusions can be drawn 
relative to the magnitude of influence of the above two factors on swelling. 

As previously noted, the foregoing^discussion has been restr icted to interparticle 
spacings, 2d, greater than 10 to 20 A. (The double-layer thickness would then be 5 to 
10 A . ) For smaller spacings, the nature and interrelationship of o", R, and A may 
change radically. (At these small interparticle spacings, such as one might expect in 
a highly compressed clay, the likelihood of having A greater than R may be increased 
fo r many of the interacting particles, Lambe (11), p 1655-20.) For these smaller 
spacings (among other things): 

1. Osmotic pressures may not be developed; in other words, the "normal" double-
layer is not formed, MacEwan (13) and Norr i sh (15). 

2. Water adsorption is generally thought to be governed p r imar i ly by hydration of 
the exchangeable cations and the attraction of the clay particle surface fo r polar mole­
cules l ike water, Barshad (2), MacKensie (li) and Norr ish (15). 

Mention should be made of swelling due to elastic rebound and "imbending" of soil 
particles. I t is fe l t , Lambe {11), that this phenomenon, while important in coarse­
grained soils and in soils containing relatively large platey shaped particles (like mica), 
is of l i t t le importance fo r most clays. Bolt (3) discusses the importance of these "mech­
anical" effects versus the "physicochemical" effects fo r natural soils . 

Swelling in Compacted Clays 

In attempting to util ize the foregoing swelling concepts to explain the swelling be­
havior of a compacted clay, one is confronted with the following complications. As the 
molded water content changes (the reader is re fe r red to Holtz and Gibbs (7) fo r ex­
tensive data on the swelling characteristics of compacted clays) fo r a given compactive 
effor t : 

1. The dry density of the soi l and thickness of the double-layer water around clay 
particles vary. 

2. The particle orientation varies. 
3. The pore water tensions vary. 
4. The degree of saturation, and hence the amount of a i r in the sample, varies. 

The pressure in the air may also vary. 

The above factors are discussed relative to their possible effects on swelling be­
havior and the mechanisms involved. 

Effect of Molded Water Content on Dry Density and Double-Layer Thickness. —The 
thickness of the double-layer water on compacted clay particles is nearly always less 
than that which the particles would like to have i f given free access to water. (Silt and 
sand size particles also have "double-layer water ." However, these particles have a 
relatively small specific surface area that is , surface area per unit weight of soi l , 
so that the effect on the over-a l l volume change of anexpansionof the double.layer around 
these particles is small compared to that f o r clay size particles where the specific sur­
face area is large.) For instance, many plastic clays under zero confining pressure 
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w i l l imbibe water unt i l they reach a water content approximating the l iquid l i m i t , whereas 
the clays may be compacted at water contents less than the plastic l i m i t . The difference be­
tween these two water contents has been termed the "double-layer deficiency" Lambe (11). 
This deficiency is thought to be caused by the same factors causing swelling, that i s , a Bau­
ble-layer expansion, in saturated clays (for example, osmotic pressures, effectof force 
fields on double-layer water, e tc .) . If the thickpess of double-layer water is less than 5 to 
10 A (corresponding to a 2d spacing of 10 to 20 A) the double-layer deficiency may in part 
be due to cation hydration, etc., as previously mentioned. A double-layer thickness of 5 
to 10 A is approximated by the water content of the soi l at 99 percent relative humidity. This 
water content, evenfor extremely plastic soils, seldom reaches 10 to 15 per cent (pure mont-
moril lonite is an exception) and is usually only a few percent f o r most lean clays. Hence fo r 
many clays, the water content used for compaction may be sufficient fo r a double-layer thick­
ness of greater than 5 to 10 A. 

The thickness of the double-layer is roughly proportional to the molded water content 
(assuming a l l water to be in the double-layer, the average thickness of the double-layer is 
then equal to the water content divided by the specific surface area). Hence the lower the 
molded water content (other things being equal), the greater is the water uptake required to 
satisfy the double-layer deficiency; andfor a constant molded water content, an increase 
in dry density would lead to an increase in the amount of swelling. 

Effects of Molded Water Content on Particle Orientation. —There is evidence, Pacey 
(16), to show that the orientation of clay particles changes with molded water content. These 
data indicate that compaction dry of optimum water content leads to a nonparallel or f loccu­
lated orientation while compaction wet of optimum leads to a paral lel or dispersed orienta­
tion of clay particles. Different methods of compaction may also yield different particle 
orientations, even at the same density and water content. One might expect different pa r t i ­
cle orientations to cause a difference in swelling behavior. Seed's (18) data suggest that a 
flocculated particle orientation w i l l swell more than a dispersed orientation. 

Effects of Molded Water Content on Pore Water Tensions and Degree of Saturation. — 
Pore water tensions (water pressures less than atmospheric) imdoubtedly exist in compacted 
clay, part icularly i f compacted dry of optimum water content where the in i t i a l degree of sat­
uration is we l l below 100 percent, Aitchison (1.), Soil Mechanics f o r Road Engineers (19) and 
Hil f (6). Tensions are caused by the double-layer deficiency in the clay micelles. (As pre­
viously pointed out, one should also include the larger size particles since they also desire 
water . ) In other words, a l l the particles in the soi l are competing f o r the l imi ted supply of 
water in order to expand their double-layers. Capillari ty may also enter the picture i f the 
voids in the soi l contain both air and "f ree" water. * The desire of the clay micelles to imbibe 
this f ree water would be resisted by the surface tension at the air-water interface in the void.* 
An i l lustrat ion of this phenomenon is shown in Figure 5 which depicts clusters of clay p a r t i ­
cles compacted between s i l t particles. The inflow of water to the clay is restrained by the 
menisci in the pores between the s i l t particles. This i l lustrat ion is only one example of the 
many possible situations that might occur, since a compacted clay w i l l contain a wide var ia­
tion in the size and shape of particles and voids. 

In summary, then, pore water tensions in a compacted clay represent a balance between 
double-layer deficiencies and surface tensions at air-water boundaries. Another way one 
might look at pore water tensions is to say that they exert an effective stress 

* Capillari ty in the same sense as the capillary r ise of water in a glass tube. The 
author, when using this te rm, is re fe r r ing in general to relatively large pores in the 
soi l (for example, diameters of several thousand A or larger) where the amount of 
double-layer water is relatively smal l compared to the "f ree" pore water. Although 
the fundamental cause of capillari ty may originate f r o m the electrical nature of the 
soi l particles, the t e rm capillari ty is a widely used concept which seems applicable in 
this case, 
a 

Calculations based on the capillary equation, Taylor (20), relating pressure, surface 
tension, and pore diameter show that a 3,000 A diameter pore can resist a tension of 
about 10 atmospheres. Bolt 's (3) data f o r Na montmorillonite show that a swelling 
pressure of 10 atmospheres corresponds to a particle spacing of only about 30 A (dou­
ble-layer thickness of 15 A ) . 
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on the compacted clay mass which prevents the particles f r o m imbibing water and 
swelling. This effective stress is more of an "effect" than a "cause." 

When a compacted clay sample is put in contact wi th water, any air-water menisci 
at the surface of the sample are broken. Water w i l l flow into the clay because of the 
pore water tensions within the sample, these tensions having been caused by a combi­
nation of double-layer deficiencies and capi l lar i ty . With t ime, the pressure in the pore 
water increases to atmospheric with a resultant lowering of the effective stress within 
the sample. Concurrently, the clay micelles expand their double-layers and swelling 
occurs between clay particles, just as fo r the saturated clays, unt i l the repulsive pres­
sure minus the attractive pressure between particles is in equilibrium with any applied 
effective stress. Over-al l swelling of the sample can, of course, be prevented by ap­
plying an effective stress to the soi l equal to the "swelling pressure." 

The Role of A i r in Swelling. —Previous discussion has mentioned that the presence 
of a i r can influence the magnitude of the pore water tensions that are developed in com­
pacted clay. A i r may also influence the swelling behavior in another manner. Swelling 
data, Holtz and Gibbs (7), Figures 8, 10 and 11, usually show that the total volume of 
a i r in a compacted sample decreases during the soaking process, part icularly fo r sam­
ples compacted dry of optimum water content, although the f ina l degree of saturation 
is s t i l l less than 100 percent. Thus, during the soaking process, some of the a i r i n i ­
t ia l ly in the soil voids must either escape f r o m the soi l , be dissolved by water, or be 
compressed by capillary forces. Most l ikely a combination of these conditions occurs. 
If a nonspherical pocket of a i r is compressed in a soil void during the soaking process, 
the pressure in the air may produce tensile stresses in the soi l skeleton forming the 
void in which the air resides (̂ a long, ini t ia l ly a i r f i l l e d pore having a relatively large 
diameter of several thousand A or larger is visualized). These tensile stresses could 
cause an increase in the volume of the void, and hence an expansion of the soi l . 

An analogous situation is shown in Figure 6. An ini t ia l ly a i r f i l l e d capillary tube is 
immersed horizontally in water. As water enters the tube f r o m both ends by capil lari ty, 
the air in the tube becomes compressed. An analysis of the stresses on a cross-section 
of the tube through the air pocket (there must be enough a i r in the tube so that the air 
pocket does not become spherical) shows that both axial and hoop tensions act in the tube 
at this location; in other words, the pressure in the air tends to expand the tube. If 
the capillary tube were br i t t le and could not withstand these tensions, i t would ultimately 
break at the center. If the capillary tube were f lexible at the center, a bulging would 
occiu-. The maximum air pressure that can be attained in a capillary tube of a given 
radius (assuming a sufficient amount of a i r ) is proportional to the tensile strength of 
the tube or the surface tension of water, whichever is smaller . 

In a s imilar manner, i t is believed that a i r in a soi l void, if under pressure, can 
cause an enlargement of the void i f the soi l skeleton cannot resist this pressure. These 
air pressures could be quite large. For example, theoretically, a i r could be compres­
sed by capillary forces to a pressure of 6 atmospheres in a void having a diameter of 
0. 5 microns (5, 000 A) . Such a pore size is not unlikely in a compacted clay. 

One can probably best visualize this swelling phenomenon occurring in a soi l where: 
(a) There are many interconnected tubular a i r voids; (b) the air pressure is ini t ia l ly 
atmospheric, and (c) water enters the soil f r o m a l l directions during soaking. These 
conditions (except possibly f o r the shape of the voids) are met when a dry sample of 
clay is immersed without confinement in water. The rapid slaking of such a sample 
is said, Terzaghi and Peck (21), p . 129, to be caused at least in part, by the a i r pres­
sure that is built up within the sample. Data w i l l be presented which suggest that a i r 
pressures may contribute to the swelling of clay i f compacted dry of optimum water 
content. 

The above discussion dealt wi th the presence of a i r in the larger voids of a com­
pacted clay. The presence of a i r in the double-layer water between interacting clay 
particles would also affect swelling. For example, i f a i r were present, i t would tend 
to expand the double layer, since i t is displacing water and ions. In other words, fo r 
a given interparticle spacing, the presence of a i r would increase the repulsive pres­
sure; or f o r a given effective stress, the interparticle spacing would be larger. The 
magnitude of influence on swelling of this a i r is , however, not known. Even the amount 
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of a i r to be expected in the double layer is a matter of conjecture. 
Only two "types" of a i r have been discussed, that is , large, f a i r l y continuous voids 

of a i r that extend throughout the clay mass, and minute bubbles of a i r that exist in the 
double-layer water. While air imdoubtedly exists in many forms in compacted clay, 
the above conditions are thought to represent two extreme cases which can be used fo r 
a consideration of the major effects of a i r on the swelling behavior of compacted clay. 

EXPERIMENTAL DATA 

Swelling data are presented in which compacted samples of a clay are soaked in 
aqueous solutions ranging f r o m pure water to a 5 molar salt solution. According to 
the previously developed theory, the samples which are soaked in salt solutions should 
swell less than the samples soaked in pure water, since an increase in ion concentration 
in the water outside of the double layer reduces the osmotic repulsive pressure between 
clay particles. In other words, the salt solution w i l l reduce the double-layer deficiency 
in the clay micelles. Data are also presented relative to the distribution and pressure 
of a i r in as-compacted samples of clay. 

Description of Soil 

The soi l , Vicksburg Buckshot clay, was supplied to the M I T Soil Stabilization Labo­
ratory by the Waterways Experiment Station, Vicksburg, Mississippi . The Atterberg 
l imi t s , specific gravity, grain size distribution, mineralogical composition, and cer­
tain other properties are presented in Table 1. Of particular interest are: (a) The 
highly plastic characteristics of the soi l , although only 36 percent of the soi l is clay 
size; (b) the presence of montmorillonite, a clay mineral known to be very expansive; 

TABLE 1 

PROPERTIES OF VICKSBURG BUCKSHOT CLAY 

1. Specific gravity^ = 2.74 

2. Atterberg l imi t s^ 
Liquid l i m i t = 63 percent 
Plastic l i m i t = 25 percent 
Plasticity index = 38 percent 

3. Grain size distribution 
94 percent minus 0.074 mm; 36 percent minus 0.002 mm 

4. Mineralogical composition in percent by weight^ 

Montmorillonite } ^ t e r s t r a t i f i ed 
Quartz 20-3 
Feldspar 20 - 10 
FezOs 1 . 1 ^ 0 . 1 
Organic matter 1 . 1 ^ 0 . 1 

5. Other properties' ' 
Soluble salts (meg. NaCl/100 g) = 0.3 
Cation exchange capacity (meg./lOOg) = 30; 52 (minus 0.002 mm) 
Glycol retention (mg/g) = 65; 135 (minus 0.002 mm) 
pH = 4.9 

Note: Items 4 and 5 obtained by R. T. Mar t in , Research Associate, MIT Soil 
Engineering Division. 

^ On a i r -d r i ed and ground so i l . 
Unless otherwise specified, data shown f o r soi l passing 0.074 mm. 
t indicates probable uncertainty in percentages given. 
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and (c) the high glycol retention by the so i l . Multiplying the glycol retention by 3.22 
to obtain the specific surface area yields values of 210 and 435 sq m per g of clay, r e ­
spectively, f o r the two soi l fractions (by comparison Na montmorillonite has a surface 
area of 800 sq m per g). The exchangeable cations are believed to be predominantly 
calcium. 

Test Procedure 

The test procedure employed fo r the compaction-soaking tests was as follows: 

1. The clay was a i r -dr ied , ground to pass a No. 20 sieve, and equilibrated fo r at 
least two days at the desired water content. Dis t i l led water was used as the molding 
f l u i d . 

2. The clay was compacted dynamically in 2.75-in. diameter by 0.85-in. consoli-
dometer rings (fixed r ing type) at an effor t of 28,000 f t - l b per cu f t and t r immed to a 
height of 0.6 i n . A surcharge of 200 lb per sq f t was applied, followed by immersion 
of the sample in an aqueous solution. The test set-up is shown schematically in F ig ­
ure 7. Note that the soaking solution enters both ends of the compacted sample. 

3. Three different aqueous solutions were used fo r soaking. These were: (a) Dis­
t i l l ed water; (b) a 0. 5 molar CaClz solution (55 g CaCU per 1,000 cc of solution. CaCla 
was used to prevent ion exchange); and (c) a 5.0 molar CaCl2 solution. The solubility 
of CaCls in water at room temperature is approximately 5.2 molar. Hence, a 5 molar 
CaCl2 solution is very strong. 

4. Measurements of the amount of heave were taken over a four day period. 
5. At the end of four days the weight of the sample was measured. The weight of 

solution in the sample was divided by the estimated unit weight of the solution to obtain 
a volume of solution. The volume of solution was treated as i f i t were pure water f o r 
computing water contents after soaking. (That is , i f 10 g of in i t ia l ly dry soi l imbibed 
1.5 g of a salt solution wi th a unit weight of 1. 5 g per cc, the recorded "water content" 
change would be 10 percent. For in i t ia l ly moist samples, however, the exact unit 
weight of solution in the sample after soaking was unknown and had to be estimated.) 

TABLE 2 

WATER ADSORPTION AND IMBIBITION DATA ON VICKSBURG BUCKSHOT CLAY 

A. Water vapor adsorption^ 

Relative Humidity (%) Equil ibrium Water Content (%) 

50 6 
~ 9 9 13.5 

B. Water imbibition under "Free-Swell" condition'' 

In i t ia l Water Content (%) Equil ibrium Water Content (%) 

3.6 64 
4.7 68 
4.7 67 
4.7 60 
8.2 55 

32.4 53 
50.2 51 
51.0 54 

* On loose samples of in i t ia l ly oven-dried clay. 
' ' O n 1.5 mm thick samples of clay spread over a porous stone whose top surface was 
slightly above a water surface which was enclosed in a sealed container. Equil ibrium 
content taken after 24 hr . 
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200 lb per sq. ft 

Porous Stone 
(too a bottom) 

Figure 7. Compaction-soaking test 
ratus. 

appa-

Swelling Data 

Data on water adsorption and water imbibition under a " f ree-swel l" condition are 
presented in Table 2. The data indicate that: (a) At water contents in excess of 13. 5 
percent (the equilibrium water content at 99 percent relative humidity), i t i s reasonable 
to assume that the exchangeable cations are hydrated and that the normal double layer 
is formed; and (b) under zero confining pressure, the double layer w i l l imbibe approxi­
mately 60 percent water. (Assuming that a l l the water is associated with the clay-size 
fract ion of the soi l and that the surface area of this fract ion is 435 sq m per g, the 
average thickness of water around the clay particles in A is approximately one-half of 
the water content in percent; f o r example, a water content of 60 percent corresponds 
roughly to an average water thickness of 30 A . ) The molded water contents used f o r 
the compaction soaking data presented below range f r o m 14 to 24 percent with optimum 
water content at 19 percent. 

The effects of salt concentration on 
swelling are shown in Figure 8 in which 
the molded dry density, the percent heave 
(change in height divided by in i t i a l height 
times 100), and the "water content" increase 
are plotted against the molded water con­
tent. The effect of salt content on the rate 
of swelling fo r samples compacted wet and 
dry of optimum water content are presented 
in Figure 9. Dry density and water con­
tent curves before and after soaking are 
plotted in Figure 10 f o r samples immersed 
in both pure water and in the 5 molar CaCla 

solution. Figure 11 shows the relationship between volume change (cc) and water pick­
up (g) fo r samples soaked in water (since the swelling data were obtained on soi l samples 
of unequal volume pr io r to soaking—variations of up to 15 percent—the observed data 
have been adjusted to correspond to in i t ia l samples volumes of 100 cc). 

The data show that: 

1. The amount of heaving and water pickup decreases with increasing molded water 
content. 

2. The degree of saturation after soaking is less than 100 percent. The volume of 
water pickup also exceeds the volume of expansion, part icularly for samples compacted 
dry of optimum water content. 

3. The soaking of compacted samples in salt solutions produces a marked decrease 
in the amount of f l u i d pickup and heaving. Figure 8 shows that the absolute magnitude 
of this reduction in f l u i d pickup and heaving is f a i r l y uniform, part icular ly f o r the 
strongest salt solution, over most of the molded water content range. Furthermore, 
the 5 molar salt solution prevents swelling fo r a sample compacted 2 percent wet of 
optimum water content. 

4. The in i t ia l rate of swelling is practically unaffected by the salt concentration in 
the soaking solution. (A 5 molar CaCU solution has a viscosity 10 times and a surface 
tension 1.3 times that of pure water so that one might expect a net decrease in the rate 
of swelling due to the large increase in viscosi ty.) 

The data show that the salt content in the pore f lu id has a decided effect on the swel l ­
ing behavior of this compacted clay. Hence i t wouldappear that osmotic repulsive pres­
sures play an important role in swelling, since osmotic pressures depend upon the d i f ­
ference in ion concentration in the water between the clay particles and that in the f ree 
pore water. Furthermore, i t would seem that the osmotic pressure concept can satis­
factor i ly explain, at least in a qualitative sense, the observed swelling of samples com­
pacted wet of optimum water content, since the addition of salt prevented swelling. 
This does not necessarily mean, however, that an osmotic pressure is the only com­
ponent of the repulsive pressure R. For example, even f o r the sample that did not 
swell when immersed in the 5 molar CaCl2 solution, there must be a repulsive pressure 
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between particles in order to counterbalance the effective stress ( that i s , the 200 lb 
per sq f t surcharge) plus any attractive stresses that may act. If this strong salt so­
lution reduced osmotic pressures to zero, then some other mechanism of repulsion 
must be operative even though the magnitude of its influence is smal l . 

While i t is evident that some of the swelling of samples compacted dry of optimum 
water content can be explained by osmotic pressures, there are certainly other factors 
which influence the swelling behavior. One might assume that the reduction in swelling 
due to the 5 molar CaCl2 solution is approximately equivalent to the "osmotic" swelling 
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Symbol Soaked In 
0 water 
• 0 5 Molar CaCIa 

5 Molor CaCI: 

• • 1 

Optimum Plus 2 to 3 % 

Compacted of Optrmum Minus 2 to 3 % 

•I-20 40 60 
TIME (hours) 
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Figure 10. Effect of s a l t concentration 
on density and water content after 

soaking. 

that occurs when the samples are soaked in pure water. However, an increase in salt 
concentration may also influence other interparticle forces besides osmotic pressures. 
A better assumption would be that the 5 molar salt solution reduces swelling due to os­
motic pressures to a negligible amount, since rough calculations show that the concen­
trat ion of ions in a 5 molar CaCla solution f a r exceeds the concentration of the exchange­
able cations between clay particles. (For a monomolecular thickness of water on the 
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Dry of 
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24 28 

Figure 11. Relationship between volume change and water pickup for samples soaked in 
water. 
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clay, the average concentration of exchangeable cations, assumed to be calcium, around 
the particles is only about 2 molar. Reducing the surface area by a factor of two s t i l l 
only yields a 4 molar concentration. Hence the total ion concentration in a 5 molar 
CaCl2 solution fa r exceeds the concentration of exchangeable cations in the soil for a l l 
water contents.) 
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The increased swelling dry of optimum over and above that which might be attributed 
to osmotic pressures may be due to a number of factors. As previously mentioned 
under Theoretical Considerations, there are mechanisms other than osmotic pressures 
by which clay particles can imbibe water. These were: (a) The effect of the negative 
electric and London van der Waals force fields on water; and (b) the effect of cation 
hydration and the attraction of the particle surface fo r water, at least f o r small double-
layer thicknesses. The relative importance of the f i r s t factor i s unknown; the second 
factor should be relatively important fo r the molded water content range investigated, 
since the molded water contents exceeded the equilibrium water content of the soil at 
99 percent relative humidity. Elastic rebound and a flocculated particle orientation 
may contribute to the increased swelling dry of optimum; the magnitude of their i n ­
fluence is not definitely known. Finally, there is the role of a i r in swelling. The i n ­
crease in volume of f l u i d pickup with decreasing molded water content can be part ial ly 
explained by the decreasing in i t i a l degree of saturation (increasing volume of a i r voids). 
The following data suggest that a buildup of a i r pressures within soil voids during the 
soaking process may contribute to the increased swelling dry of optimum water content. 

Data Relative to the Role of A i r 
Figure 11 has shown that the volume of a i r in the compacted clay samples decreases 

upon immersion, part icularly dry of optimum water content, since the volume of water 
pickup exceeded the total volume increase of the samples during soaking. I t seems 
possible that some of this decrease in the volume of air voids is caused by a compres­
sion of a i r by capillary forces. An increase in the air pressure (preliminary attempts 
to measure the pressure in the air voids after soaking proved unsuccessful) within en­
trapped nonspherical pockets of a i r , as previously discussed, is thought to cause swel l ­
ing of so i l . 

One would expect swelling due to air pressures to be of greatest importance in com­
pacted samples containing numerous interconnected air voids p r io r to soaking. With 
decreasing molded water content dry of optimum, the volume of a i r voids in the com­
pacted clay increases. Data are presented in Figure 12 which indicate that at least 
some of the a i r in the samples compacted dry of optimum is also continuous (and there­
fore at atmospheric pressure), whereas the a i r i n samples compacted wet of optimum 
appears to be discontinuous. Clay samples were compacted at two compactive efforts 
in a constant head permeability apparatus, an air pressure applied at the top of the 
sample, and the quantity of a i r f low measured with a rotameter at the outlet. For both 
compactive efforts the quantity of air f low decreased rapidly with increasing molded 
water content, and at optimum water content the flow became too small to measure 
(less than 1 cc per minute). 

The data thus show that the samples having the greatest amount of swelling also 
ini t ia l ly have the greatest amount of interconnected air voids. While this fact supports 
the a i r pressure hypothesis, the author has no data to prove its validity. Further ex­
perimentation is planned. 

Reliable data have not been obtained relative to the amount of air present in double-
layer water. 

CONCLUSIONS 

The data have shown that the salt content in the pore f lu id has an important effect 
on the swelling behavior of Vicksburg Buckshot clay. Furthermore, i t appears that 
the osmotic pressure concept can satisfactorily explain a good portion of the swelling 
that occurs when this clay is soaked in water, part icularly f o r samples compacted wet 
of optimum water content. Dry of optimum water content, however, swelling is i n ­
fluenced by factors in addition to osmotic pressures. These other factors may be: the 
effect of negative electric and London van der Waals force f ields on water, cation 
hydration and the attraction of the particle surface fo r water molecules, elastic r e ­
bound, particle orientation, and the presence of a i r . The relative importance of these 
other factors is not known. 

Although the experimental data are l imi ted to one clay, the theoretical considerations 
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indicate that many of the same concepts can be extended to other compacted soils. With 
other soils, however, the relative importance of the different swelling mechanisms 
may be altered. 

An understanding of some of the factors which influence swelling may help the so i l 
engineer predict, at least in a qualitative sense, the swelling behavior of compacted 
clays, and i t may even enable him to alter swelling behavior to better suit his needs. 
This is i l lustrated by the following examples: 

1. Fat clays, with their relatively large surface area and hence greater proportion 
of double-layer water, almost always swell more than lean clays. 

2. Clays compacted at low water contents, where the water deficiency in the double 
layer is high and the degree of saturation is low, w i l l often swell more than clays com­
pacted at high water contents. 

3. The replacement of low valency exchangeable cations by higher valency cations 
(for example, calcium fo r sodium) can reduce swelling, since the number of exchange­
able cations in the double layer is reduced. 

4. The mixing of salt wi th a compacted clay can reduce swelling, since the ion con­
centration in the pore water is increased. This may part ial ly explain why the treat­
ment of road subbases and sul^rades with salt often improves stabili ty. 

5. Leaching compacted clays with salt solutions w i l l result in less expansion and 
hence less strength loss than leaching with pure water. Salt leaching might be employed 
to increase the stability of a dam or to reduce heaving at the bottom of an excavation. 

ACKNOWLEDGMENTS 

Most of the test results presented in this paper were obtained by Jean Charron, 
fo rmer M I T gradxiate student working under the supervision of the author and Dr . T. 
Wi l l i am Lambe, Head of the M I T Soil Engineering Division. 

Dr . Lambe, Professor R. V. Whitman, Dr . R. T. Mar t in , Professor J . E. Roberts, 
and R. M . Harkness, a l l of the MIT staff in Soil Engineering, cr i t ica l ly reviewed this 
paper and made many valuable suggestions f o r i ts improvement. Dr . Mar t in was par­
t icular ly helpful in explaining the enigmas of colloidal and physical chemistry to the 
author. The author, however, accepts a l l responsibility fo r the material presented. 

The Waterways Experiment Station, Corps of Engineers, U . S. Army, sponsored 
the thesis work by the author on this subject. Their assistance is gratefully acknowl­
edged. 

REFERENCES 

1. Aitchison, M . E . , "The Strength of Quasi-Saturated and Unsaturated Soils in Re­
lation to the Pressure Deficiency in the Pore Water ." Proc. of the 
Fourth International Soils Conference, Vol . I , p. 135 (1957). 

2. Barshad, I . , "Adsorption and Swelling Properties of Clay-Water Systems." 
Bu l l . 169, Division of Mines, State of California (1955). 

3. Bolt, G. H . , "Physico-chemical Analysis of the Compressibility of Pure Clay." 
Geotechnique, Vol . 6, No. 2, p . 86 (1956). 

4. Charron, J . , "Swelling of Compacted Clay ." M.S. Thesis, Mass. Inst, of 
Technology (1958). 

5. Hemwall, J . B . , and Low, P. F . , "The Hydrostatic Repulsive Force in Clay 
Swelling." Soil Science, Vol . 82, No. 2, p . 135 (1956). 

6. Hi l f , J . W . , "An Investigation of Pore Water i n Compacted Cohesive Soils. " 
T . M . 654, U.S. Dept. of the Interior, Bur. of Reclamation, 
Denver, Colorado (1956). 

7. Holtz, W. G. , and Gibbs, H . J . , "Engineering Properties of Expansive Clays." 
A . S . C . E . Transactions, Vol . 21 (1956). 

8. Kruyt, H . R . , "Colloid Science I , I rreversible Systems." Elsevier Pub. Co., 
New York (1952). 

9. Ladd, C .C . , "Swelling of Compacted Clay ." M.S. Thesis, Mass. Inst, of 
Technology (1957). 



26 

10. Lambe, T . W . , "Structure of Inorganic So i l . " ASCE Separate No. 315 (1953). 
11. Lambe, T . W . , "The Structure of Compacted Clay." and "The Engineering Be­

havior of Compacted Clay ." ASCE Jour. , Vo l . 84, No. SM2 (1958). 
12. Low, P . F . , and Deming, J . M . , "Movement and Equilibrium of Water in Hetero­

geneous Systems with Special Reference to Soi ls ." Soil Science, 
Vol . 75, No. 3, p . 187 (1953). 

13. MacEwan, D . M . C . , Nature. Vol . 162, p. 935 (1948). 
14. MacKenzie, R. C. , "Some Notes on the Hydration of Montmori l loni te ." Clay 

Minerals Bulletin, Vo l . I , p. 115 (1950). 
15. Norr ish , K . , "The Swelling of Montmori l loni te ." Faraday Society Discussion, 

No. 18 (1954). 
16. Pacey, J . G . , J r . , "The Structure of Compacted Soi ls ." M.S. Thesis, Mass. 

Inst, of Technology (1956). 
17. Prutton, C . F . , and Maron, S .H. , "Fundamental Principles of Physical Chemistry." 

Macmillan Co. (1950). 
18. Seed, H . B . , Lecture presented at M . I . T . September summer program on The 

Design and Construction of Earth Embankments (1958). 
19. , "Soil Mechanics fo r Road Engineers." Road Research Laboratory, 

Her Majesty's Stationery Office, London (1954). 
20. Taylor, D . W . , "Fundamentals of Soil Mechanics." John Wiley and Sons (1948). 
21. Terzaghi, K . , and Peck, R . B . , "Soil Mechanics in Engineering Pract ice ." John 

Wiley and Sons (1948). 
22. Warkentin, B . P . , Bolt, G . H . , and M i l l e r , R . D . , "Swelling Pressure of Montmo­

r i l l o n i t e . " Soil Science P r o c , Vol . 21, p . 495 (1957). 



Effect of Rate of Strain on the 
Strength of Compacted Soil 
DELON HAMPTON, Graduate Assistant; and E . J . YODER, Research Engineer; 
Joint Highway Research Project, Purdue University, Lafayette, Indiana 

This paper reports the results of a laboratory 
investigation of the effects of rate of strain on 
the strength of remolded so i l . Two soils were 
selected fo r purposes of this study: (a) a clay 
derived f r o m limestone andpedologically clas­
sif ied as Frederick, and (b) a glacial s i l ty clay, 
pedologically classlfiedas Crosby, "B"horizon. 
These soils were selected p r imar i ly on the basis 
of their difference in plasticity. 

Rate of strain was considered the most i m ­
portant variable and i t was studied f r o m 0. 55 i n . 
/ m i n . to 1, 780 in./rain. Thefactors of moisture 
content and dry density were also of prime i m ­
portance. Consequently, three compactive efforts 
were used and specimens were molded and tested 
on both sides of the optimum moisture content of 
each compactive ef for t . 

The unconf ined compressive strength test was 
used as the strength cr i ter ion and the effect of 
the aforementioned variables upon the ultimate 
strength and modulus of deformation of the sam­
ples, as determined by this test, are reported. 

• THE FACT that the compressive strength is a fimction of the time required to reach 
the fai lure load has long been recognized. However, this area of soil mechanics has 
not been extensively explored and much work remains to be done, in order that the ef­
fects of this phenomenon can be properly evaluated. The specific areas where this i n ­
formation would be of the greatest benefit are as follows: 

1. Stability of slopes subjected to earthquakes and other forms of transient loading. 
2. Transmission of forces f r o m explosions through soils. 
3. Design of highway pavements. 
4. Design of a i r f i e ld pavements. 

STABILITY OF SLOPES 

In areas where there is a possibility of earthquakes, i t is of the utmost importance 
to investigate the stability of slopes, both natural and man-made, under transient con­
ditions. Such an investigation is especially necessary when fa i lure of the slope in ques­
tion would be disastrous. Earthquake shocks induced m the earth represent transient 
loading conditions and c r i t i ca l slopes should be designed and analyzed on this basis. 

TRANSMISSION OF FORCES FROM EXPLOSIONS 

The transmission of forces f r o m explosions through soil , due to the short t ime of 
loading, is another example of where structures subject to such forces should be de­
signed and analyzed on the basis of transient loading tests. Sucha rigorous study would 
be valid only for c r i t i ca l mi l i t a ry installations. 

DESIGN OF HIGHWAY PAVEMENTS 

It is generally recognized that the stress-strain characteristics of pavements are a 
function of the rate of s t rain. This can be readily seen by observing the condition of 
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pavements at critical sections along a given route. 
From such studies, it has been found that road intersections, uphill grades and other 

sections where traffic is required to move slowly, or to stop, show distress much more 
rapidly than their counterparts; that is, open road, free of stops, and downhill grades. 
This is believed to be caused, in part, by the difference in speed of travel over the 
aforementioned sections. As a result, there is much need of a comprehensive study on 
the effect of rate of strain on the behavior of soils. 

DESIGN OF AIRFIELD PAVEMENTS 
Because of the high speed at which airplanes travel over runways, the latter are 

subjected to transient loading conditions which are vastly different from the relatively 
static conditions to which the aprons, taxiways, and ends of runways are subjected. 
Hence, it is desirable to evaluate the stress-strain characteristics of the paving mate­
rials under both transient and static loading. Such a procedure would lead to the most 
economical as well as the best design. 

PURPOSE AND SCOPE 
The previous discussion points out that the effect of rate of strain on the strength of 

soil is important. Consequently, the primary purpose of the research reported herein 
was to investigate the strength properties of a clay and silty clay under conditions of 
transient loading. Specifically the aim was to ascertain the relationship between rate 
of strain and unconfined compressive strength at various moisture contents and densi­
ties . Also, it was hoped to relate the aforementioned variables to the modulus of de­
formation. 

Rate of strain was considered the most important variable, and it was studied from 
0. 55 in./mm to 1, 780 in. /min. Soil texture was a second variable and two fine-grained 
soils of significantly different characteristics were chosen—a silty clay and a clay. Al l 
soils are native to Indiana. 

The factors of moisture content and dry density were also of prime importance. 
Three compactive efforts were used and specimens were molded and tested on both 
sides of the optimum moisture content (O.M.C.), of each compactive effort. 

DEFINITIONS 
It is assumed that the reader is familiar with terms pertaining to conventional 

strength tests on soils. However, before proceeding further he should familiarize 
himself with the following terms: 

1. A Slow Transient Compression Test is one in which the rate of strain lies within 
the range of 0.45 in. /min to 0.6 in . /min. 

2. A Medium Transient Compression Test is one in which the rate of strain lies 
between 11.0 in./min and 15.5 in. /min. 

3. A Fast Transient Compression Test is one in which the rate of strain is greater 
than 250 in. /min. 

4. Time of Loading is defined as the difference in time between the start of a load­
ing test and the time at which the maximum compressive stress is reached. 

5. Compressive Stress is the axial load per unit of cross-sectional area of a test 
specimen. In computing the compressive stress, a correction was applied to the area 
assuming that no volume change took place; that is, change in area assumed propor­
tional to the change in height. 

6. Modulus of Deformation is a secant modulus defined as the slope of a line from 
the origin through the point on the stress vs strain curve at which the stress is one-half 
of the compressive strength. Or, if the initial part of the stress vs strain curve is 
straight, i t is the slope of this portion of the curve. 

7. Rate of Strain is defined as the deformation at failure divided by the time required 
to reach failure. 

8. Strength Ratio, Sy, is defined as the ratio of the strength, for a given rate of 
strain, to that for a slow transient test at the same moisture content and for the same 
compactive effort. 
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9. Modulus of Deformation Ratio, M q , is defined as the ratio of the modulus of de-
formation for a given rate of strain to that for a slow transient test at the same moisture 
content and for the same compactive effort. 

10. Strength, in this report wi l l always apply to the axial load required to produce 
failure in an imconfined compression test. 

I t should be noted that the above definitions may be at variance with those by other 
investigators, but were adopted for this study because they give the best representation 
of the data. 

REVIEW OF LITERATURE 
The effect of time of loading on the strength and modulus of elasticity of metal and 

concrete has been extensively investigated. Also, a considerable amount of work has 
been done on rock and wood, but little on soil. 

The standard methods of measuring the time effect, in previous investigations, was 
either by the time of loading, the rate of loading, or the rate of strain. In general, 
the method utilized was determined by the characteristics of the testing machines; 
that is, with the equipment available which of the aforementioned methods of measure­
ment can be used most accurately and efficiently. Nevertheless, whenever the time-
stress-strain relationships are known, any one of the above ways of measuring the time 
effect may be converted to either of the other two. 

SOIL 
In connection with the design of the Panama Canal, several triaxial compression 

tests were made to determine the effect of time of loading on the compressive strength 
of Gatun black muck (H) . In one test, with a time of loading of approximately 90 sec, 
the compressive strength was about 40 percent greater than in four other tests, in 
which failure was obtained in about 1 hr. 

A series of triaxial compression tests, on remolded-consolidated Boston blue clay, 
was reported by Taylor. The rate of strain ranged between 1 and 0.0005 percent per 
min and the compressive strength for the fastest test was approximately 20 percent 
greater than that for the slowest test (1). 

Casagrande and Shannon (1) found tEat the modulus of deformation of clays for fast 
transient tests was approximately twice as great (for both unconf ined and consolidated 
quick tests) as that for slow tests. Also, the modulus of deformation of Manchester 
sand increased slightly with decreasing time of loading; that is, the average value for 
static tests is about 300 kg per sq cm and for fast transient tests about 400 kg per sq 
cm. 

Furthermore, for all tests on clays the transient compressive strength was greater 
than the static compressive strength. The fast transient compressive strength, taken 
at a time of loading of 0.02 seconds, ranges between 1.4 and 2.6 times greater than 
the 10-minute static compressive strength. The above holds true regardless of whether 
the clay is undisturbed or remolded. 

Tests on the Manchester sand indicate that the transient compressive strength of 
sand in a fast transient compression test was only about 15 percent greater than the 
static compressive strength. 

Investigations by Seed and Lundgren (^5), on the effect of transient loading on the 
strength of saturated sands supports the above. It was found that the strength of dense 
specimens in rapid transient tests was 15 to 20 percent greater than the strengths of 
similar specimens in static or slow transient tests. 

Whitman (23), also, found that the strength of both undisturbed and disturbed soil 
specimens was significantly increased by transient loading. This work was done over 
a wide range of cohesive soils and three sands—the latter ranging from uniform Ottawa 
sand to well-graded sands. 

On the basis of the data collected Whitman concluded that the effect of rate of strain 
on cohesive soils should be evaluated from triaxial tests with confining pressures ad­
equate to prevent splitting or shear plane development prior to the occurence of the 
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peak load. Considering dry sand and moist sand, i t was found that increasing the rate 
of strain did not produce a significant change in the strength of the material. However, 
the converse was true for saturated sand and Whitman attributed this to differences in 
pore water pressures in the slow and rapid tests. 

DESCRIPTION OF MATERIALS 
Two soils were selected for purposes of this study: (a) a red-colored clay derived 

from limestone, and (b) a brown glacial silty clay, pedologically classified as Crosby, 
"B" horizon; both soils are native to Indiana. 

TABLE 1 These soils were selected primarily on the 

SUMMARY OF ATTERBERG LIMTS Sel)."""' " 
Classification Both soils were aid dried, pulverized, 

and passed through a No. 40 U. S. standard 
Sou LL Zil i!5£ HEiM sieve. It is recognized that a soil contain-

SiltyClay 35.4 19.5 15.9 A-6 CL ing clay is irreversibly altered by drying. 
Clay 72.0 28.1 48.9 A-7-6 CH particularly if the drying is allowed to 

reach the shrinkage limit . Thus, the lab­
oratory behavior of these soils is peculiar 

to their processed condition and may differ significantly from the in situ behavior. 

PROCEDURE 
Moisture-Density Relationships 

The only relationships studied were those for kneading type compaction with three 
compactive efforts being used. There is no. recognized standard procedure for the 
equipment used, for the Harvard Miniature Compaction apparatus; however, the com­
paction procedure recommended (22) was followed. 

It was hoped to obtain densities which approximated the Standard AASHO and Modified 
AASHO compaction tests as well as a density intermediate between the two. The moisture 
vs density curves are shown in Figures 2 and 3. Also as a comparison between the dy­
namic and the kneading compaction characteristics of these soils Table 2 is presented. 
The data presented in Table 2 on kneading compaction represents the average values 
obtained from the three moisture density curves in Figures 2 and 3. 

The Harvard Compaction Apparatus produces specimens 2.816 in. long and l^u in. 
in diameter. The volume of the compaction cylinder is Vts*th of a cu f t which means 
that the weight of a compacted specimen in grams is numerically equal to its unit weight 

TABLE 2 
COMPARISON OF KNEADING AND DYNAMIC COMPACTION (16) 

Soil 
Silty-Clay 

Compactive Effort 
Standard AASHO 
Kneading Compactor 

(3 layers at 25 blows) 

Max (pcf) 
107.5 
109.5 

O.M.C. (%) 
19.2 
16.3 

Modified AASHO 
Kneading Compactor 

(10 layers at 50 blows) 

119.3 
117.0 

13.7 
13.8 

Clay Standard AASHO 
Kneading Compactor 

(3 layers at 25 blows) 

91.7 
94.8 

27.8 
26.0 

Modified AASHO 
Kneading Compactor 

(10 layers at 50 blows) 

106.7 
102.5 

19.5 
22.7 
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in pounds per cubic foot (pcf). The samples so obtained were used to establish the 
moisture density curves as well as for strength tests. 

The compactive efforts used were 10 layers at 50 blows per layer, which approxi­
mates the Modified AASHO, and three layers at 25 blows per layer which gives dry 
densities comparable to the Standard AASHO test. The third compactive effort varied 
depending on the soil being tested. The latter was necessary in order to obtain signifi­
cant differences in the dry densities obtained from the three compactive efforts. For 
the Crosby "B" soil the intermediate compactive effort was ten layers at 25 blows per 
layer while that for the Frederick Limestone soil was ten layers at ten blows per layer. 

Unconfined Compression Tests 
The unconfined compressive strength tests were rim on either a hydraulic loading 

apparatus or the impact loading apparatus depending upon the rate of strain desired. 
The dynamic loading apparatus consistsof alO-lbweight dropped 39 in. upon a piston 
which applied the load to the specimen. In order to prevent damage to the loading frame 
and measuring instruments, and to slow down the rate of loading, a spring was inserted 
atop the loading piston. Another advantage was that the elasticity of the spring caused 
the weight to bounce, whereupon it was caught before i t could again come in contact 
with the piston. 

Collection of Data and Instrumentation 
Low voltage differential transformers were employed to measure the load as well 

as the deformation during the compression process. In this type gage the output voltage 
of the secondary coils which are excited by a primary coil is proportional to the dis­
placement of a magnetic core within these coils. 

A schematic diagram of the load and deformation apparatus is shown in Figure 1. 
It can be seen that as the proving ring deforms, the position of the core moves relative 
to the coils. Also, as the arm of the strain gage deflects, the core contained therein 
moves relative to its primary and secondary coils. These movements produce changes 
in the output voltage, of these two instruments, which can be measured. A Model 655 
Audio Oscillator operating on a frequency of 2, 000 cps was used to energize the trans­
formers. 

To record the changes in stress and strain during the progress of the test a Dumont 
Cathode-Ray Oscilloscope was used. In this study, the deflection of the oscilloscope 
trace was made proportional to the output of the differential transformers. 

RESULTS 
Strength 

In both the clay and the silty clay, the strength vs moisture content curves all ex­
hibited a "peaked" shape, as indicated in Figures 2 and 3. Theoretically the strength 
should continue to rise as the moisture content decreased. However, there was a tend­
ency for a reduction in this "peaked" condition as the rate of strain increased. 

There are two possible reasons for the aforementioned: (a) the condition is the re­
sult of the inherent characteristics of the test; that is, at low moisture contents the 
specimens fa i l by crumbling rather than shear, due to a lack of lateral confinement, 
or (b) the condition is a result of the moldingprocess; thatis, kneading type compaction 
imparts this characteristic to the soil. 

At the lower moisture contents tested, 9-10 percentfor the silty clay and 14-15 per­
cent for the clay, the specimens were brittle and would crumble around the edges if not 
handled carefully. There is great possibility that this tendency existed at higher mois­
ture contents but was just more difficult to detect. 

In all cases the maximum strength, as indicated from these tests, occurred at a 
moisture content less than optimum (Figs. 2and3). Exactly how much seemed to de­
pend upon the rate of strain and the compactive effort; thatis, as the compactive ef­
fort decreased there was a tendency for the difference between O. M. C. and the mois­
ture content at which maximum strength occurred to increase. The maximum difference 
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between the latter two was approximately 4 percent in the silty clay and 5 percent in 
the clay. 

Once the moisture content at which the optimum strength was obtained was passed, 
the change in strength for a given change in moisture content increased significantly 
(Figs. 2 and 3). It appears that the greater the rate of strain the steeper this portion of 
the curve becomes. 

The foregoing is true for both the silty clay and clay. However, in the clay, the rate 
of increase of strength for a given increase in moisture content on the dry side of opti­
mum strength was equal and in some instances greater than the rate of decrease which 
occurred on the wet side. Whether or not this is significant depends on the validity of 
the tests conducted on the dry side; that is, whether or not the specimens were failing 
principally by crumbling or by shear. 

Silty Clay 
It was found that, for a given compactive effort and moisture content, increasing 

the rate of strain produced a measurable increase in the strength of the soils (Figs. 4 
and 6). In the case of the silty clay, for the lowest compactive effort, an increase of 
over 100 percent in the unconfined compressive strength was obtained by increasing the 
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Figure 2. Moisture content vs dry density, unconfined compressive strength, and modu­
lus of deformation—silty olay. 



34 

rate of strain from 0.55 in. /min to 1, 768 in. /min, regardless of the moisture content 
of the sample (Table 3). For the highest compactive effort the increase in strengthfor 
the same change in rate of strain ranged between 52 and 87 percent while for the inter­
mediate compactive effort the range was from 20 to 89 percent. 

As regards the change in strength of the medium transient test with respect to the 
slow transient test, for a given density and compactive effort, the increase in strength 
was much less (Table 3). Considering the lowest compactive effort the increase in 
strength ranged from 12 to 32 percent, for the intermediate compactive effort the change 
ranged from -17 to 40 percent, and for the highest compactive effort the change in 
strength was from +10 to +51 percent. 

There appears, on the basis of the data collected, to be a general trend toward a 
decrease in the e^ect of rate of strain as the moisture content increases, for a given 

TABLE 3 
SUMMARY OF RESULTS OF STRENGTH TESTS-SILTY CLAY 

Compactive Effort 
Rate Strain 3 Layers/25 Blows 10 Layers/25 Blows 10 Layers/50 Blows 

Moisture Content = 10% 
Strength Su Ratio Strength Sy Ratio Strength Su Ratio 

(psi) 
Su Ratio 

(psi) 
Sy Ratio 

(psi) 
Su Ratio 

0. 55 in. /min. 43 1.00 81 1.00 85 1.00 
14.5 in . /min. 48 1.12 110 1.36 128 1.51 
1768 in. /min. 109 2.54 153 1.89 159 1.87 

Moisture Content = 12 % 
Strength S„ Ratio Strength Su Ratio Strength Su Ratio 

(psi) 
S„ Ratio 

(psi) 
Su Ratio 

(psi) 
Su Ratio 

0.55 in. /min. 46 1.00 83 1.00 103 1.00 
14.5 in . /min. 61 1.33 116 1.40 130 1.26 
1768 in. /min. 119 2.59 146 1.76 156 1.52 

Moisture Content = 14% 
Strength S„ Ratio Strength Su Ratio Strength Su Ratio 

(psi) 
S„ Ratio 

(psi) 
Su Ratio 

(psi) 
Su Ratio 

0.55 in. /min. 43 1.00 77 1.00 91 1.00 
14.5 in . /min. 57 1.32 96 1.25 110 1.21 
1768 in. /min. 95 2.21 127 1.65 140 1.54 

Moisture Content = 16% 
Strength Su Ratio Strength Su Ratio Strength Su Ratio 

(psi) 
Su Ratio 

(psi) 
Su Ratio 

(psi) 
0.55 in. /min. 34 1.00 57 1.00 51 1.00 
14.5 in . /min. 43 1.26 56 0.98 62 1.22 
1768 in. /min. 71 2.09 88 1.54 93 1.82 

Moisture Content = 17% 
Strength S„ Ratio Strength Su Ratio Strength Su Ratio 

(psi) 
S„ Ratio 

(psi) 
Su Ratio 

(psi) 
Su Ratio 

0.55 in. /min. 28 1.00 46 1.00 38 1.00 
14.5 in . /min. 35 1.25 38 0.83 42 1.10 
1768 in. /min. 57 2.04 55 1.20 58 1.53 
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compactive effort (Fig. 4 and Table 3). This, in all probability, is due to the greater 
effect of pore water pressures which would tend to decrease the strength of the sample. 
This could also be the reason why the strength ratio values tend to decrease as the com­
pactive effort increases. 

From the foregoing discussion, it can be seen that the effect of rate of strain is 
more significant in increasing the strength of material at low densities. In comparing 
the fast and slow transient tests, over 100 percent increase in strength was obtained 
for the lowest compactive effort. Considering the same range for the other two com­
pactive efforts the maximum increase was 89 percent, and for the majority of cases it 
was much less. 

Furthermore, as the compactive effort increased the effect of an increase in mois­
ture, on the strength, increased for a given compactive effort (Fig. 4). As aforemen-
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Figure 3. Moisture content vs dry density, unconfined compressive strength, and modu­
lus of deformation—clay. 
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tioned, this is due to an increase in pore pressure brought about by a reduction in void 
ratio due to increased compaction. 

From Figure 5, which is a plot of unconfined compressive strength vs dry density, 
at constant moisture content, i t can be qualitatively stated that the effect of increased 
density decreases as rate of strain increases. For example, it can be noted that the 
slopes of the curves for rate of strain equal to 1, 768 in. per min are less than those 
for either 0.55 or 14.5 in. per min. Also, moisture content did not effect the slopes 
appreciably. 

Clay 
For the clay, it was also found that for a given compactive effort and moisture con­

tent, increasing the rate of strain produced a measurable increase in the strength of 

TABLE 4 
SUMMARY OF RESULTS OF STRENGTH TESTS-CLAY 

Compactive Effort 
Rate Strain 3 Layers/25 Blows 10 Layers/25 Blows 10 Layers/50 Blows 

Moisture Content = 18% 
Strength 

(psi) 
Su Ratio Strength Su Ratio Strength 

(psi) (psi) 
Su Ratio 

0. 55 in. /min. 
13.5 in. /min. 
1140 in. /min. 

56 
44 
97 

1.00 
0.79 
1.73 

94 1.00 131 
98 1.04 126 

142 1.51 160 

1.00 
0.96 
1.22 

Moisture Content = 20 % 
Strength 

(psi) 
Su Ratio Strength Su Ratio Strength 

(psi) (psi) 
Su Ratio 

0. 55 in. /min. 
13.5 in. /min. 
1140 in. /min. 

61 
49 

104 

1.00 
0.80 
1.71 

103 1.00 115 
100 0.97 136 
146 1.42 160 

1.00 
1.18 
1.39 

Moisture Content = 22 % 
Strength 
(psi) 

Su Ratio Strength Su Ratio Strength 
(psi) (psi) 

Su Ratio 

0.55 in. /min. 
13.5 in. /min. 
1140 in. /min. 

58 
50 

102 

1.00 
0.86 
1.76 

89 1.00 93 
93 1.04 128 

137 1.54 146 

1.00 
1.36 
1.57 

Moisture Content = 24% 
Strength 

(psi) 
Su Ratio Strength Su Ratio Strength 

(psi) (psi) 
Su Ratio 

0.55 in. /min. 
13.5 in. /min. 
1140 in. /min. 

49 
48 
92 

1.00 
0.98 
1.88 

71 1.00 69 
80 1.13 98 

117 1.65 120 

1.00 
1.42 
1.74 

Moisture Content = 26% 
Strength 

(psi) 
Su Ratio Strength Sy Ratio Strength 

(psi) (psi) 
Su Ratio 

0.55 in. /min. 
13.5 in . /min. 
1140 in. /min. 

38 
43 
80 

1.00 
1.13 
2.11 

48 1.00 45 
63 1.31 70 
91 1.90 95 

1.00 
1.56 
2.11 
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the soil (Fig. 6). As with the silty clay, the strength ratio, for all moisture contents, 
was greatest for the lowest compactive effort (Table 4). Also, from Figure 6 it can be 
seen that moisture content has less effect on the strength, at a given rate of strain, the 
lower the compactive effort; that is, as the compactive effort is increased the effect of 
moisture content increases. 
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Table 4 shows that as the moisture content increases the effect of rate of strain on 
increasing the strength increases for a given compactive effort. However, i t should 
be noted that this relationship is generally valid for only the dry side of optimum since 
the data on the wet side are incomplete. 

Table 4 also shows that some clay soils may decrease in strength with an increase 
in rate of strain. This tendency existed at all except one moisture content, the highest, 
at the lowest compactive effort. In the two higher compactive efforts the condition 
existed at only one moisture content, in each. Since the latter values are so close to 
unity, it could be assumed that there was not a decrease and the stress ratio is imity. 

However, due to the fact that the stress ratios for the medium transient tests are 
consistently less than 1.0 this might be a significant trend, for the lowest compactive 
effort. It can also be noted that a value of the stress ratio greater than 1.0 occurs at 
nearly the optimum moisture content. This indicates that on the wet side, stress ratios 
greater than 1.0 would be obtained. Also, it must be recognized that since the stress 
ratio for the medium transient tests are generally very close to imity, at low moisture 
contents and low compactive efforts, and since an average curve is drawn through the 
data obtained this would account for the stress ratio being less than 1.0. 

A study of Figure 6 reveals that the higher the compactive effort the greater the 
effect of a change in moisture content on the strength of the clay soil. For example, 
as the compactive effort is increased the curves in Figure 6 become farther apart. 

It should be noted that the 18 percent moisture content curve in Figure 6 is out of 
line with the remainder of the data. This is probably because of specimens tested at 
this moisture content failed, partially at least, by crumbling. 

Figure 7 illustrates, qualitatively, that the effect of an increase in density, decreases 
as the rate of strain increases. This can be noted from the fact that the slopes of the 
curves for rate of strain equal to 1,140 in. per min are less than those for either 0. 55 
or 13. 5 in. per min. 

It is worthy of note that the strength ratio for the clay increases with increasing 
moisture content while that for the silty clay decreases with increasing moisture con­
tent. Also, for a given rate of strain the effect of moisture content on the strength is 
greater for the silty clay than the clay. However, the latter trend decreases as the 
compactive effort decreases. 

Modulus of Deformation 
The data on the modulus of deformation, for both soils tested, was the most difficult 

to interpret. This was due to the large scattering of the values (Figs. 2and3). The 
latter situation being caused by the difficulty in picking values from the oscilloscope 
trace. It was quite easy to determine the maximum load, on the specimen, and the 
strain at which it occurred. However, at low loads it was, in many instances, impos­
sible to accurately determine the load on the specimen and the strain at which i t oc­
curred. As a result, in practically all cases, the initial portions of all stress strain 
curves appeared to be out of line. 

Consequently, the modulus of deformation vs moisture content curves, for a given 
compactive effort and rate of strain can only be used to obtain general trends as indi­
cated by the results shown (Figs. 2and3). Since the modulus of deformation vs rate 
of strain curves (Figs. 8and 9), for a given moisture content and compactive effort, 
were obtained from the curves previously indicated they, also, are only of qualitative 
value. 

Silty Clay 
Regardless of the scattering of the points in Figure 2 it can be readily seen that 

moisture content has a tremendous effect on the modulus of deformation of the silty 
clay. It is also apparent that as the rate of strain increases the effect of moisture on 
the modulus of deformation also increases. 

This rate of change of modulus of deformation with respect to a change in moisture 
content decreases as the moisture content increases until a point is reached where the 
compactive effort has a negligible effect on the modulus of deformation. This condition 



42 

8 . 

i 0 

8 24 

COMMCTIVE EF 
3 k g w i . a s b l n n 

FORT 

/lam 1 
1 1 

1 

1 1 1 I I I M M 1 1 1 1 1 1 I I I 1 1 1 1 1 1 1 1 ' T—1 1 1 1 1 1II 

COMRDCnVE B 
K) loyin.SO btoa 

•FOBT 
IB/Ioylr 

4 - ^ 

• 
1 1 1 1 M 1 i l f \ 1 M 1 1 1 1 1 1 1 1 1 1 1 1 ass 10 DO MS no 

RATE OF STRAIN , ( n iMr rnin ) CCD I76S 300O 

Figure 8. Rate of strain vs modulus of deformation—silty clay. 



43 

occurs on the dry side of optimum for the slow and medium transient tests, for all com­
pactive efforts, and approximately at optimum for the fast transient tests. 

In fact, if a soil is to be compacted at a moisture content which approximates the 
O.M. C. for standard compaction, considering the fast transient test conditions, it 
appears that use of a compactive effort greater than Standard Proctor is not warranted. 
Considering the fact that a subgrade usually gains approximately 2 percent moisture 
before coming to equilibrium with its natural surroundings, this would make compaction 
at an effort greater than standard AASHO impractical, unless methods of preventing an 
increase in moisture content were provided. The latter statement is assuming that the 
modulus of deformation is to be used as the criterion of strength. 

Considering the moisture content range tested it appears a significant increase in 
modulus of deformation due to an increase in rate of strain was obtained only for the 
specimens compacted at about 10 percent moisture (Fig. 8). This is true regardless 
of the compactive effort. Also, on the basis of Figure 8 it can be easily seen that mois­
ture content has a much more significant effect on the modulus of deformation than does 
rate of strain. 

TABLE 5 
SUMMARY OF MODULUS OF DEFORMATION DATA-SILTY CLAY 

Compactive Effort 
Rate Strain 3 Layers/25 Blows 10 Layers/25 Blows 10 Layers/50 Blows 

Moisture Content = 10 % 
MD(psi) M Q Ratio M D (psi) M D Ratio M D (psi) M D Ratio 

0. 55 in. /min. 
14. 5 in. /min. 
1768 in. /min. 

2,700 
3,900 
6, 200 

1.00 
1.46 
2.30 

6,700 1.00 5,700 
11,300 1.69 7,400 
20,000 3.22 20,600 

1.00 
1.30 
3.61 

Moisture Content = 12 % 
Mjj(psi) M Q Ratio MD(psi) M D Ratio MD(psi) M D Ratio 

0. 55 in. /min. 
14.5 in. /min. 
1768 in. /min. 

2, 900 
2,950 
2, 400 

1.00 
1.02 
0.83 

4,200 1.00 5,200 
3,600 0.86 3,400 
5,600 1.33 5,200 

1.00 
0.65 
1.00 

Moisture Content = 14% 
M D (psi) M Q Ratio M D (psi) M D Ratio M D (psi) M Q Ratio 

0. 55 in. /min. 
14. 5 in. /min. 
1768 in. /min. 

2, 200 
1,950 

550 

1.00 
0.88 
0.25 

2,050 1.00 2,500 
1,600 0.78 1,400 
2,250 1.10 1,250 

1.00 
0.56 
0.50 

Moisture Content = 16% 
Mj) (psi) M Q Ratio M D (psi) M D Ratio M D (psi) M D Ratio 

0. 55 in. /min. 
14.5 in. /min. 
1768 in. /min. 

1,040 
1,000 

250 

1.00 
0.96 
0.24 

600 1.00 150 
600 1.00 500 
550 0.92 150 

1.00 
3.33 
1.00 

Moisture Content = 17% 
M Q (psi) Mjy Ratio Mo(psi) Mj j Ratio MD(psi) M D Ratio 

0. 55 in. /min. 
14. 5 in. /min. 
1768 in. /min. 

800 
450 
200 

1.00 
0.56 
0.25 

200 1.00 75 
350 1.75 200 
200 1.00 50 

1.00 
2.67 
0.67 



44 

As regards moisture contents of 12 percent or above it appears that an increase in 
the rate of strain will not produce an increase in the modulus of deformation. From 
Figure 8 and Table 5 it can be seen that for certain moisture contents there appears to 

JQQQ 2cx» 

COMRftCTIVF EFFORT 
3 loyers, 25 blows/kjyer 
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10 lovers. 10 bkjOT/loyer 

l__ l I I I I I I I 

COMPACTIVE FFFORT 
10 layers, 50 blows/layer 

OOO 2 0 0 0 
RATE OF STRAIN, ( m p e r m i n ) 

Figure 9. Rate of strain vs moduliis of defonnatlon—clay. 
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be a decrease in the modulus of deformation with an increase in the rate of strain. This 
can probably be attributed to the scattering of data. Also, the scattering of data might 
be the reason there was a significant increase in modulus of deformation with rate of 
strain for the 10 percent moisture content specimens. 

Table 5 indicates an important trend. For a given compactive effort and rate of 
strain the M Q ratio decreases with increasing moisture content. There was, however, 
too much variability of data to make quantitative comparisons between various com­
pactive efforts. 

Clay 
In the clay soil there was also a substantial decrease in the modulus of deformation 

for a given increase in moisture content at a given rate of strain (Fig. 9). This con­
dition was more pronounced the higher the compactive effort and the greater the rate 
of strain. On the basis of the data given, at moisture contents approximating the optimum 

TABLE 6 
SUMMARY OF MODULUS OF DEFORMATION DATA - CLAY 

Compactive Effort 
Rate Strain 3 Layers/25 Blows 10 Layers/25 Blows 10 Layers/50 Blows 

Moisture Content = 18% 
M D (psi) M Q Ratio MD(psi) M Q Ratio Mi)(psi) Mj) Ratio 

0. 55 in./min. 
13.5 in./min. 
1140 in./min. 

4,300 
5,100 
4,400 

1.00 
1.19 
1.02 

8,300 1.00 10,900 
6,000 0.72 13,400 

13,900 1.68 18,700 

1.00 
1.23 
1.71 

Moisture Content = 20% 
MQ(psi) M Q Ratio Mj)(psi) M D Ratio MD(psi) Mj) Ratio 

0. 55 in./min. 
13. 5 in./min. 
1140 in./min. 

2, 800 
4,600 
3, 800 

1.00 
1.64 
1.36 

6,300 1.00 7,000 
4,400 0.70 8,900 

10,700 1.70 15,000 

1.00 
1.27 
2.14 

Moisture Content = 22% 
Mj)(psi) M Q Ratio MD(psi) M Q Ratio Mj)(psi) M Q Ratio 

0. 55 in./min. 
13. 5 in./min. 
1140 in./min. 

2, 200 
4, 000 
3,200 

1.00 
1.80 
1.45 

4,500 1.00 4,200 
3,100 0.69 6,200 
8,000 1.78 11,600 

1.00 
1.48 
2.76 

Moisture Content = 24% 
MQ(psi) M Q Ratio Mj3 (psi) Mj) Ratio M D (psi) M Q Ratio 

0. 55 in./min. 
13. 5 in./min. 
1140 in./min. 

1,700 
3, 400 
2, 600 

1.00 
2.00 
1.53 

3,000 1.00 2,300 
2,200 0.73 4,100 
5,600 1.87 8,300 

1.00 
1.78 
3.61 

Moisture Content = 26 % 
Mj3 (psi) M Q Ratio Mj)(psi) Mj) Ratio Mj3(psi) M Q Ratio 

0. 55 in./min. 
13.5 in./min. 
1140 in./min. 

1,500 
2, 800 
1,900 

1.00 
1.87 
1.27 

1,600 1.00 1,200 
2,000 1.25 2,600 
3,600 2.25 5,300 

1.00 
2.17 
4.41 
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moisture content for Standard AASHO the effect on the modulus of deformation of an in­
crease in compactive effort is negligible. However, as the rate of strain increases 
the effect of the amount of compactive effort becomes apparent. 

From Figure 9 and Table 6 the effect of rate of strain and moisture content on the 
modulus of deformation can be observed. For all compactive efforts and rates of strain 
there was a tendency toward an increase in modulus of deformation with an increase in 
rate of strain. In a few instances, particularly the medium transient tests at the in­
termediate compactive effort, there was a slight decrease in the modulus of deformation 
with an increase in rate of strain. This can be attributed to the scattering of the data, 
and the attempt to draw a representative curve through it. The aforementioned reason 
was also the cause of the M Q ratios being less than one, in all probability (Table 6). 

Consequently, it can be stated that for a given rate of strain the M Q ratio increases 
with Increasing moisture content. Also, the Mp ratio, for a given moisture content 
and the fast transient test conditions, increased as the compactive effort increased. 
This tendency was not apparent in the M Q ratio for the medium transient tests. 

In the case of the intermediate effort, considering the medium transient tests, the 
value of the M Q ratio obtained was much less than either of the other two compactive 
efforts. Also, the caliber of the data did not produce results from which a general 
trend could be predicted for the medium transient tests; that is, no definable tendency 
of the variance of the M Q ratio of the medium transient tests at a given moisture con­
tent but varying compactive effort. 

As can be seen from Figure 9 moisture content has an increasingly important effect 
on the modulus of deformation the higher the compactive effort. Also, it is shown that 
significant increases in the modulus of deformation may be obtained by increasing the 
rate of strain. It should be noted that the higher the compactive effort the greater the 
effect of rate of strain on Mp. 

For the lowest compactive effort, a decrease in M Q for an increase in rate of strain 
was noted (Fig. 9). This is probably due to the scattering of data and the use of average 
curves. 

Comparison of Clay and Silty Clay 
In both the clay and silty clay, a significant increase in unconfined compressive 

strength occurred with an increase in rate of strain for all compactive efforts and all 
moisture contents tested. However, with the silty clay, as the moisture content in­
creased, the strength ratio decreased while for the clay the converse was true. 

In both the clay and the silty clay the strength ratios for the fast transient test were 
greater for the lowest compactive effort. No definite relationship could be established 
for the medium transient tests between the strength ratios and the compactive effort. 

In both the clay and the silty clay the moisture content proved to be more significant 
than the increase in rate of strain, as regards affecting the unconfined compressive 
strength. This tendency became less as the compactive effort decreased. 

Moisture content has a great effect on the modulus of deformation of the silty clay 
as well as the clay. This condition was more pronounced the higher the compactive 
effort and the higher the rate of strain. Furthermore, for the clay soil, increasing 
the rate of strain produced a measurable increase in the M Q ratio, but this was not 
the case for the silty clay. 

It is worthy to note that the data presented in this report do not give a straight line 
relationship, on a semi-logarithmic plot, for the variance of strength or modulus of 
deformation with respect to rate of strain (Figs, 4, 6, 8 and 9). The aforementioned is 
not surprising due to large number of variables present. Nevertheless, such a relation­
ship can be obtained for certain soils (23). 

From Tables 3 and 4 it can be readily seen why the effect of rate of strain is more 
significant in increasing the strength of the material at low density. This fact may be 
ascertained by comparing the difference in strength between the fast and slow transient 
tests for the same moisture content but varying densities. It can be seen that the in­
crease in strength is relatively constant regardless of the compactive effort. Thus, 
due to the much lower slow transient strength of the material at low density, it is to be 



47 

expected to show a greater percentage increase in strength for a given increase in rate 
of strain. 

Also, it is interesting to note that the aforementioned difference is less variable, 
with moisture content, for the clay than the silty clay. This is because the silty clay 
is much more susceptible to changes in moisture content. 

In contrast to Whitman (23), the data show a general trend toward a decrease in the 
strain at failure with an increase in the rate of strain. This is attributed to the fact 
that the faster the rate of strain the faster the load is appliedwhich results in the speci­
men not having the opportimity of deforming greatly before it devlops its maximum 
shear strength. 

Finally, it is of interest to investigate the possibility of thixotropic action affecting 
the results, since the specimens were tested approximately 24 hr after molding. Both 
Moretto (27) and Skempton and Northey (25) observed that thixotropic strength regain 
decreased~with decreasing water content below the liquid limit. Also, Seed and Chan 
(26) showed that thixotropic effects are relatively small, for samples compacted on the 
dry side of optimum for the compactive effort being used. 

It is realized that the thixotropic effect is not a well known phenomenon. Consequently, 
the results published by one investigator may be used by another only if the material 
and the test procedures are quite similar. Nevertheless, it was felt that the aforemen­
tioned work could be used as a guide to the design of the experiment. Thus, by testing 
specimens at moisture contents well below the liquid limit and by limiting the time of 
storage to a maximum of twenty-four hours, it was hoped that the effects of thixotropy 
would be relatively constant for all tests. 

CONCLUSIONS 
On the basis of these tests, and for the soils involved, it can be concluded that: 
1. As the compactive effort is increased the greater the effect of changes in moisture 

content on the unconfined compressive strength, regardless of the rate of strain. 
2. The lower the compactive effort the greater the effect of rate of strain on the 

strength, (a) Considering the silty clay, as the moisture content increases the strength 
ratio tends to decrease; and (b) considering the clay, as the moisture content increases 
the strength ratio increases. 

3. As the rate of strain increases the effect of an increase in dry density, at a 
given moisture content, on the unconfined compressive strength decreases. 

4. Increasing the rate of strain produced a measurable increase in the M Q ratio 
of the clay soil, (a) For the clay soil, as the moisture content increased the Mjj ratio 
increased for a given compactive effort but the highest compactive effort yielded the 
greatest increase; and (b) in the silty clay soil there was a tendency toward a decrease 
in Mj) ratio for a given rate of strain and compactive effort. 

5. On the basis of these tests it must be concluded that to obtain significant increases 
in strength or modulus of deformation it takes a rate of strain equivalent to a fast tran­
sient test. 

6. As the rate of strain decreases there is a tendency for the strain at failure to 
increase. 
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