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This study deals with "saturated clay," characterized by its 
dry density and moisture content, A change in the moisture 
content gives another material with other properties. On this 
material , the classical laws of rheology are applied and the 
behavior in shear and consolidation analyzed in their light. 
A quick analysis of the state of stress in a t r iaxia l test shows 
that the shears due to the deviator of stresses f o r m a circular 
cone tangent to the octahedral plane for any system of axes 
rotating around the axis of the sample. 

Five series of tests show that in "saturated clay" the direc
tions of maximum shear stresses and strains coincide and are 
Independent of the stress at fai lure. This stress is not in f lu 
enced by the isotropic component of the stress tensor, which 
causes the major part of the pore pressures. The tests show 
that the material has no true yield l i m i t and that the curvature 
of the stress-strain diagram is influenced by the rate of strain 
at a l l stress levels. Finally, creep tests show that the rate of 
strain at the steady stage is dependent only on the value of the 
stress and independent of the load path. 

The preceding results lead to the conclusion that a saturated 
clay is a viscoelastic material and that in i ts steady state of 
creep the laws of the theory of elasticity regarding the distr ibu
tion of stresses are applicable. This opens the door to the 
wealth of information gathered in the study of high polymers. 
A general rheological model is given and analyzed, together with 
possible simplifications and the meanings and limitations of the 
various parameters, 

eTHE MECHANICAL properties of a soil are characterized by the internal f r i c t ion and 
the cohesion. Rolling and sliding f r i c t ion together with the resistance due to the geom
etry and relative position of the grains are usually gathered under the name of internal 
f r ic t ion . True cohesion is explained as that part of the clay resistance due to the force 
of attraction which exists between the clay mineral particles. Li t t le is known about the 
bond between the clay particles. I f Terzaghi's assumption is accepted that a water shell 
surrounds each clay particle and is so f i r m l y tied to i t by electrochemical forces that 
i t is nearly solid near the particle's surface, then i t can be concluded that the shear 
strength in clays must be transmitted through the water shells separating the single 
grains. The cohesion is in this way determined by the strength of the adsorbed water. 
In modern l i terature, there is a great controversy concerning the r igidi ty and thickness 
of the adsorbed layer. However, i t seems uncertain that a f i r m r ig id bonding of the 
adsorbed water, i f i t exists, could endow the mass of saturated clay with true strength 
allowing for the existence of a true yield l i m i t of practical significance. 

This paper has as its subject the fundamental behavior of saturated clays on a phe-
nomenological level. In other words, with awareness of the behavior and influence of 
each of the two solid and liquid soil phases, the author deals with the material "saturated 
clay" without t rying to separate and recombine the effects of each phase. The paper 
considers that a change in the moisture content gives a different material with different 
mechanical properties. ^2 
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The study is divided into three distinct but interrelated parts. The f i r s t part dis
cusses tests conducted to establish whether the material could be classified as plastic 
or viscoelastic. Based on this classification, the second part gives rheological models 
in shear and in consolidation and indicates a method of analyzing test results for both 
cases. The th i rd part discusses some implications of the study and proposes a method 
of design appropriate to the type of material as classified in the f i r s t part. 

The symbols used throughout this paper are defined in Appendix B. 

CLASSIFICATION OF SATURATED CLAY 

In spite of their structural complexity, engineering materials may, with fa i r approxi
mation, belong to either of the two types defined in terms of the characteristic d i f fe r 
ences in their inelastic deformation (7, 8): 

1. The plastic materials. Here the deformational response to applied forces beyond 
the elastic or yield range results in permanent changes within the aggregate structure. 
Up to the elastic o r yield l i m i t the material can either store, reverslbly and indefinitely, 
a certain quantity of energy, or i t can withstand a certain level of stress without contin
uing deformation. Beyond this l i m i t , yielding and/or work hardening occurs and the 
capacity of storing energy is maintained or increased; also, the effect of past stress is 
pronounced and permanent and does not vanish with t ime. Materials whose plastic 
behavior is dictated by a Coulomb type of plasticity ( t = a tan (p) have a yield l i m i t (shear 
strength) that increases with the increase of the compressive normal stresses. Thus, 
an increase of the volumetric stresses acting on these materials results i n a propor
tional increase of the shear strength. 

2. The viscoelastic materials. Here the dissipation of the applied energy depends 
not only on the material i tself, but also on the rate at which work is done by the load. 
Volumetric compressive stresses have a small effect on the shear behavior, because 
viscosity increases very slowly with the increase of the normal stresses. The curva
ture of the stress-strain diagram at a definite stress level varies with the momentary 
strain rate. The material can store a certain amount of energy for a finite t ime, but 
this energy is dissipated with the relaxation of the induced shear stresses. In other 
words, flow occurs under any shear stress however small; also, the effect of load 
history vanishes with t ime. 

State of Stress in a Tr iaxia l Test 

A state of stress is represented by a tensor. This tensor can always be considered 
as the result of the superposition of an isotropic (hydrostatic or volumetric) and a 
devlatoric one. In terms of the principal stresses (compression is considered positive 
and tension negative): 
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is the mean or isotropic stress, and S, 0 is the ^ "^ i " "̂ m characterized by T S. 
deviator. In any material , the isotropic component is the main cause of the volume 
changes and the deviatoric component is responsible for the flow and fracture of the 
material . 

In a classical t r iax ia l test, a cylindrical sample is subjected to an increasing ve r t i 
cal pressure and a constant lateral pressure (aa = cts) until fracture occurs. The state 
of stress at any time can be decomposed in the following way into isotropic and devia-
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tor lc components: 
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The Mohr c i rc le representing this state of stress is shown in Figure 1. For the circle 
to represent the state of deviation alone, the or igin of the axes is shifted f r o m 0 to 0' with 

r 

I s / , 

Figure 1. Mohr diagram for state of deviation Ln triaxial compression test. 

T 

Figure 2. Mohr diagrams for constant volxime saturated clajr. 
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A pure deviation can be applied to the material i f the stress increments are made in 
a way such as to keep the isotropic component of the stress tensor constant. In a t r i 
axlal test, this is done by Increasing the vert ical pressure and decreasing the lateral 
pressure so that 

vert ical stress increment _ „ 
lateral stress decrement 

In the range of small strains, volume changes due to the state of deviation can be 
neglected as being of the second order. However, with the increase in magnitude of 
the strains, these second order effects become important and result in pore pressures 
i f the drainage is closed. 

Experimental Investigation 

A series of tests was made with a white kaolinite type of New Jersey clay designated 
by its trade name as Grantham clay. Its l iquid l i m i t is 77 percent, i t s plastic l i m i t 32 
percent. About 60 percent of the material is smaller than 2 fi. The material , in powder 
f o r m , was mixed t ho rou^ ly with water, the mixture being in i ts natural state at about 
95 percent of saturation. Complete saturation and specific moisture contents were 
obtained by t r iaxla l consolidation under various volumetric stresses. 

Effects of Volumetric Stresses and Rate of Strain on Shear Behavior. —Undrained 
t r iax ia l tests on the same saturated clay material and under various lateral pressures 
are known to give s imilar stress-strain characteristics and Mohr circles at fai lure 
having the same diameter. These circles are located at different distances f rom the 
origin (Fig. 2) and correspond to the various values of the mean stress am- Thus, in 
spite of an equal increase in the normal stresses on a l l the planes of the material being 
tested, the magnitude of the deviator of stresses at fai lure does not change. 

The value of the maximum stress difference (cii - as) increases with the rate of strain 
and the stress-strain curve moves towards smaller strains for h i ^ e r strain rates. A l l 
plastic and viscoelastic materials are influenced by this variable; the difference is that 
this influence extends over the whole range of the stress-strain curve in viscoelastic 
material , and only on that part beyond the yield l i m i t in plastic materials. Several iden
tical samples with the same moisture content were tested in compression under various 
rates of vert ical strain. In a l l cases and at a l l stress levels, the curvature of the stress-
strain diagrams varies with the change of the rate of strain. Figure 3 shows the true 
stress, true strain diagram of two of the samples. The presence of a true elastic l i m i t 
would have caused the two curves to coincide at the stress levels below this l i m i t . I f 
i t exists, i t is so small that i t could not be recorded for the material under consideration. 

Existence of a True Yield L i m i t . — Two types of tests are possible and were performed 
to find the level of shear stress that can lae applied to the material without causing per
manent deformations. 

The f i r s t type is the relaxation test. In this test a certain deformation is applied to 
the sample and the decay of the induced stress measured with the t ime. A sample of 
2 .8- in . diameter, 7 .4- in. height at a moisture content of 35.80 percent was given an 
ini t ia l axial deformation of 0. 013 in . The axial stress was applied by means of a proving 
r ing and the ini t ia l ly induced octahedral shear stress was 6.08 psi . The relaxation of 
the stress as indicated by the proving r ing dial was accompanied by a slow creep of the 
material . Figure 4 shows the stress plotted against the logarithm of the t ime. I t 
dropped to zero in a period of 56 days. The octahedral shear stress at fai lure for the 
same sample was 22.6 psi . The curve was expected to have an inflexion point beyond 
a value of the time equal to 2 x 10* min and theoretically the stress should have tended 
to i ts f inal value asymptotically. This, however, was not recorded. 
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Figure 3. Influence of the rate of strain on the stress-strain curve ((T-
moisture content = 36.60 percent). 

0; 

The second type of test is the creep test. In this test a small, constant shear stress 
is applied for a period of t ime, then removed and the resulting rebound is measured. 
This rebound, f o r any stress smaller or equal to the yield l i m i t , should bring complete 
strain recovery. A series of creep tests were performed under a certain number of 
deviators (6, 12, 18 psi) fo r a period of 24 hr . The deformations during this period 
and after the release of the stresses were measured (Fig. 5). The fact that a deviator 
equal to one-tenth of the deviator of fracture (60 psi) results i n permanent deformation 
allows one to conclude that no true yield l i m i t of practical significance exists in the 
considered material . At a later date, a creep test performed on the same type of clay, 
but at a higher moisture content, showed that even under a deviator of 1 psi , permanent 
flow occurred (Fig. 6). The deviator of fracture for this last material was 38 psi . 

In summary these tests show that on the level of investigation, the material consid
ered flowed under any shear stress and that i t had no true yield l i m i t . 
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Figure h. Decay of induced octahedral shear stress with time. 
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Figure 5. Creep under various deviators of s tress . 

Effect of Load Path on Strain-Time Characteristics. — The main aim of this group 
of tests was to study the effect of the load path on the steady state part of the creep 
curve. One of the principal characteristics of vlscoelastlc materials is that in a creep 
test, once a constant rate of strain is reached, i t is only a function of the magnitude of 
the applied stress and Independent of the load path. Three identical samples of 2. 8-in. 
diameter and 7.4-ln. height were subjected to various deviators (discussed later) for 
periods varying between 65 and 80 hr. Table 1 gives the sequence of loading. Results 
of these tests are shown in Figure 7. For all the curves an apparently Instantaneous 
response, a retarded response, and a flow at a constant rate are present. Up to the 
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Figure 6. Creep under a deviator of 1 p s i . 
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Figure ?• Independence of constant rate of s train from stress path. 

TABLE 1 
Sample Applied Deviator (Si - S2) (psl) 

A 1 2 18 24 30 36 42 48 54 60 
B 1 8 24 30 36 36 42 38 54 60 
C 24 30 36 36 36 42 48 54 60 

deviator preceding fracture, the constant rate has been found to be dependent only on 
the total value of the devlatorlc stress, and In Figure 7, 

°'A2 = « B 1 

"AS = « B 2 

« A 4 = "'BS 

- " C I 
= a^^, etc. 

Thus, the angles a describing the constant rate are Independent of the rate of stress and 
the load path. 

Summary. —To sum up the results of the experimental Investigation, the material 
under consideration presents the following features in its shear behavior: 
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Figure Shape of samples tested in pure 
deviation. 

1. The deviatoric component of the 
strain tensor does not depend on the isotropic 
component of the stress tensor. 

2. The curvature of the stress-strain 
diagram at all stress levels is affected by 
the rate of strain of the material. 

3. The material flows under any shear 
stress. 

4. The constant rate of strain in creep 
tests is independent of the load path and is 
a function of the stress alone. 

These four items are the necessary and 
sufficient conditions for a material to be 
classified as "viscoelastic." 

Possible Surfaces of Flow and Failure 
in Triaxial Compression Test 

In an ideal linear viscoelastic material, 
the directions of maximum shearing stresses 

81 IB 
( a ) • 

Figure 9. Fracture surfaces in t r i a x i a l compression tests. 
• 
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and maximum shearing strains coincide. In such a material, failure would most prob
ably occur along surfaces inclined at 45° to the horizontal (though viscoelastic considera
tions cannot be extended to failure). The isotropic component of the stress tensor acts 
normally and equally on all planes and would not favor any surface of fracture. The state 
of stress produced by the deviator alone gives on planes inclined at 45° a maximum shear 
equal to 0. 75 Si (Fig. 1) and a normal stress equal to 0. 25 Si. Real viscoelastic materials 
are influenced to a very small extent by normal stresses and under a given deviator, fa i l 
ure might occur along surfaces subjected to a shear stress slightly smaller than the maxi
mum and to a very small normal stress. In Figure 1, point A represents a plane on which 
the deviator of stresses gives a shear stress equal to approximately 94 percent of the 
maximum and a normal stress equal to zero. This plane is the octahedral plane and 
its Inclination to the horizontal is equal to 54. 75°. Thus, conical surfaces having this 
inclination are potential surfaces of flow and fracture. 

A number of samples were turned down to the dimensions shown on Figure 8 to avoid 
end effects and tested in triaxial compression. In all the cases where no excessive 
bulging occurred before failure, the tangents to the surfaces of fracture make with the 
horizontal angles near 54. 75° (Fig. 9a). In the case of cylindrical samples, the frac
ture starts at one of the ends because of the concentration of stresses, but i t takes the 
direction of minimum shear resistance which seems to be that of the octahedral plane 
(Fig. 9b). Figure 9c shows one of the samples tested in an unconfined way with grease 
applied on both end plates. The sample kept a cylindrical shape (no rotation of principal 
axes) and the inclination of the surface of rupture was very near to the octahedral incli
nation. 

The same tests were run on an illite type of clay called grundite clay at various 
moisture contents. The results were similar to those obtained for the kaolinite Grantham 
clay. 

RHEOLOGY OF SHEAR 
Models to illustrate viscoelastic behavior in shear are built up from combinations of 

two model elements: 
1. A perfectly elastic spring to represent elastic deformations obeying Hooke's law. 
2. A dashpot with a liquid obeying Newton's law of viscosity to represent viscous 

deformations. 
The two simplest combinations of these two models are the Kelvin body, which repre
sents a solid viscoelasticity, and the Maxwell body, which represents a liquid viscoelas-
ticity. 

A Kelvin body is composed of a spring and a dashpot in parallel (Fig. 10a). Charac
teristic of it is the retardation time (time of response) T = n/G. It is the time neces
sary to produce (1 - l/e) of the full elastic deformation under a given stress. It is a 

.JL_ 

Figure 10. a) Kelvin body, b) Maxwell body. 
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sort of l imit after which the strain tends to its final value at a very slow, decreasing 
rate. 

A Maxwell body is composed of a spring and a dashpot in series (Fig. 10b). Charac
teristic of i t is the relaxation time also defined as T = T ) / G . It is the time necessary for 
a stress to decay to l/e of its original value while a constant strain is maintained. In 
a way, it is a time limit after which a sizeable decrease in the stress level is associ
ated with a long and ever-increasing time (7, 17). 

In both ideal bodies the relative importance of the elastic and the flow mechanisms 
apparently depends not only on the magnitude of G and n but also on the time scale of 
the experimental investigation. Either of the two mechanisms wil l tend to overshadow 
the other unless the time scale of the observations is of the order of magnitude of n / G , 
a circumstance that wi l l allow the appearance of the composite nature of the deformation. 

The behavior of a real material usiially cannot be described by the two constants v 
and G of the ideal bodies However, the introduction of several such constants wi l l 
permit reproduction of rather complex behavior. 

Necessity for a Distribution of Retardation Times 
The kind of isotropy that is present in the material is a statistical one When study

ing the deformational characteristics, the fact that each clay particle is surrounded 
a hull of adsorbed water, whose viscosity varies between infinity and that of more or 
less free water, tends to complicate the problem when a factor of viscosity (23) is 
chosen in a quantitative analysis. An average value can always be chosen during the 
process of deformation, but this value would only be valid at a certain location of the 
material. There is a wide range of particle sizes in a clay soil, and the strength of 
the bonds between them is very h l ^ l y influenced by these sizes and particularly by the 
spacing and geometric arrangement between the particles. When subjected'to a stress, 
the material necessarily presents in its delayed response a wide range of retardation 
times. Theoretically, a retardation time implies complete recovery on release of the 
stress. Yet this wi l l not be the case in clays. The delayed response that the creep 
curves of Figures 5 and 6 show is only partially recoverable and is accompanied by a 
continuous reorientation of the particles. A constant rate of deformation under a con
stant energy level (Figs. 5, 6, 7) denotes the establishment of a statistical equilibrium 
between a continuously applied energy and the dissipation that proceeds in small suc
cessive jumps and has the appearance of continuity. At this stage the rate of energy 
dissipation is only a function of the deviator of stresses and is given in terms of the 
octahedral variables by 

«, 3 d r . H 3 (TQct)' 

^ D = 2 ar J "oct ^ ^oct = 2 -2̂ 5 (1) 

in which Wj^ is the rate of energy dissipation. 
The condition of viscous flow is given by 

^ o c t - ' - — W ^ (2) 

Model Representation of a Viscoelastic Saturated Clay 
On the phenomenological level, any viscoelastic material presenting a whole spectrum 

of retardation times, whatever their origin, can be represented by n Kelvin bodies in 
series, with a Maxwell body to take care of any pure elasticity and pure viscous flow 
(Fig. 11a). For a constant devlatorlc stress, the strain in such a model is given by 
(15) 
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Figure 11. a) General model for a v iscoelast ic saturated clay in shear, 
b) Four parameters experimental model (Burger's body), 
c) Strain-time curve under a constant deviator of stress . 
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For a continuous distribution of retardation times, which can be assumed in clays; 

' i j e» = 1 ^ - ( l -e- t /^)dT 4 - ] (4) 

where J = l /G is called the compliance of the Hooke element. Thus, the finite set of 
constants (Jn, T^) is now replaced by J(T) which gives the amount of elastic compliance 
associated with the retardation time T (the continuous parameter). This is referred to 
as a distribution of retardation times or distribution of compliances. This distribution 
should be obtainable from the experimental determination of the creep function: 

2e 
^ t ) = - r ^ (5) 

but this presents considerable difficulties. Andrews (3) has proved that J(T) can be 
obtained to a first approximation from the creep curve (Fig. 3) using the expression: 

J(T) = ^ P(t) - ^ (6) 

Alfrey (1) has given a graphical method to obtain this distribution from the experimental 
creep curve (see Appendix A). 

The model of Figure 11a has as an aim a qualitative description of the creep behavior 
under a particular stress. The phenomenological treatment of the problem is only inter
ested in the resulting behavior which is materialized by the creep curve; the model must 
be considered as a whole, with all its elements acting together and giving a strain com
parable to that of the material. Under a constant stress, each of the Kelvin bodies gives 
a simple exponential curve and the true deformational curve wil l keep the general expo
nential shape. 

To approximate an experimental curve one does not need a continuous distribution of 
retardation times; in general, two or three elements are sufficient to approximate a 
creep curve of classical shape. The use of the continuous distribution greatly simplifies 
the computations and allows a relatively simple graphical construction to study the effects 
of mechanical variables on the properties of the material represented by the coefficients 
G and ri. 

Simplified Four-Parameter Empirical Model 
Ideal creep curves should be determined over the complete time range from 0 to GO. 

Experimentally it is difficult to determine the short-time response accurately; this means 
that the short-time behavior of the material wi l l not show up. In terms of models, Kel
vin bodies with a retardation time smaller than the smallest time observable experimen
tally (say, 1 or 2 sec) would behave as a pure spring (pseudo-elastic)(Figs. 11a, l i b ) . 
Kelvin bodies with retardation times falling within the time scale of the experimental 
investigation can be approximated by one Kelvin body with an average retardation time. 
Long retardation times appear as true flow (pseudo-flow) and can be approximated by 
a Newton element. Thus the simplest model to take the place of the most general one 
is the four-elements model known as the Burgers body (Fig. l i b ) . Each of the param
eters of this model is followed by the letter E standing for experimental or empirical 
(1). Figure 11c shows the shape of its strain-time curve for a constant deviator (S.J 
(1, 6, Jl^, The curve represents ^ 
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About this empirical model the following may be said: 
1. GjE is the modulus of the Hooke element that replaces an element of ideal elas

ticity and a certain number of Kelvin elements with small retardation times. This 
modulus is by no means a constant, and its physical meaning does not go beyond the 
fact that it is related to the internal structure at the instant of application of the stress 
and during that period of response which seems to be instantaneous In general, the 
use of a Hooke element implies instantaneous response and complete reversibility, which 
is not at all the case when the internal structure changes continuously as a function of 
the stress and strain and their time derivatives. (Temperature is not considered.) If 
the distribution of J (t ) is known, G^g is given by 

J(T)dT (8) 

t i being the smallest amount of time measurable. Actually from a creep test the only 
way to get G . - is to divide (S,.) by twice the instantaneous pseudo-elastic strain. 

lUi 1] o 
2. Ggg and rjgg are the parameters of that Kelvin body which takes the place of all 

the models whose retardation time falls between t i and tz (Fig. 11). If the distribution 
of J (t ) is known, then 

J - = J(T)dt ' (9) 
^2E •'ti 

in which tz is either the time at which the test is stopped (the curve becomes a straight 
line at infinity) or the time at which i t is decided that the creep curve can be considered 
a straight line (steady state of creep), can be given by a weighted mean value: 

^^Tj(T)dT 

J(T)dT 
(10) 

From a creep test G„„ is obtained by dividing (S..)^ by twice the total retarded response 
(Fig. l i e ) . 2E i j o 

3. r)3g corresponds to all responses that appear to be true flow and can be obtained 
directly from the slope of a creep curve at the steady state. Theoretically it is given 
by 

1 
V. 

± . , Tiw dx 

Limitations and Difficulties of a Model Representation 
The previous model representations were inspired by the creep curve of the material 

under a particular stress and the presented physico-chemical considerations. The fact 
that only the over-all behavior of the model could be compared with the over-all behavior 
of the material was already emphasized. The author seeks to represent only an outside 
appearance by means of a series of "linear elements," an experimental curve to fit for 
a particular stress. 
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The previous rheological equations 
imply the constancy of the parameters G 
and rt, and solutions of these equations 
given in classical treatises on rheology 
are valid only for linear viscoelastic 
behavior. This is not the case for satu
rated clays. The retardation times of the 
various Kelvin elements are not constant. 
Of course, no objection can be made to 
picking up a specific experimental creep 
curve, representing i t by a series of 
linear Kelvin elements, and finding the 
distribution of retardation times, if i t is 
remembered that what is deduced from 
that creep curve is not valid for any other 
state of stress even for the same material. 

Effect of Stress Increase on Rheological 
Parameters 

Eq. 4 can be written in terms of the 
octahedral variables: 
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Figure 12. F i r s t step of Alfrey's construc
tion to obtain distribution of the retarda

tion times. 

.00. ' J ( T ) ( l - e - t / ^ ) d T (12) 

The creep function *(t) becomes 

2 ' « 
V'(t) 

oct 
•̂̂ oct̂ o L o o 

e-*/"̂ ) dT (13) 

The distribution of retardation times can thus be obtained by Alfrey's method for dif
ferent values of (T ) i f the creep curves are plotted in terms of y H . This has been 
done for the creep°5ir^es of Sample A (Fig. 7) for Si - 82 = 18, 24, -and 36 psi. 
The deviator increments were 6 psi corresponding to T ^ ^ ^ = 2.82 psi. 

The sigmoidal curves giving the relation between 

2 r H 
oct 

^ V t 
and logiot are shown in Figure 12, and the distribution of retardation times for the 
various stress states on Figure 13. The latter figure shows clearly that the distribution 
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Figure 13. Distribution of retardation times under various deviators of s tress . 

of compliances for different retardation times, although keeping the same general shape 
of a Gauss curve, varies for different stress increments. For a linear viscoelastic 
material all the curves in this figure would coincide. The area under each of these 
curves corresponds to the value of of the empirical model. The most important 
compliance for the different stress levels corresponds to the same value of the retarda
tion time. 

Effect of Change in Moisture Content on Rheological Parameters 
An Increase of the moisture content has been found to produce a much wider distri

bution of retardation times under a given stress. It causes the whole spectrum to shift 
towards smaller retardation times. The coefficient G J E changes rapidly because a cer
tain number of mechanisms that are retarded at low moisture content become instan
taneous at a higher one, and some in the pseudo-flow category pass into the retarded 
one. On the other hand, the viscous resistance to changes within the group of mechan
isms classified as flow decreases together with the true, giving as a final result a net 
decrease in the viscosity for the apparent steady stage of flow. (Thus, decreases.) 
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General Remarks on Rheological Approach in Shear 
The previous analysis is based on the behavior of one material, namely kaolinlte 

Grantham clay. Even though no extrapolation to other materials can be made, the 
analysis may shed some light on the general approach to the shear problem. 

Clays have been represented since 1931 (29) by a Bingham body, and statements are 
often made that they have a yield l imit . It seems strange, however, that in the present 
case a material that belongs to a group classified as very stiff {2^ (qy = 38 psi) did flow 
under a deviator of 1 psi. It is the opinion of the author that, at least for normally con
solidated clays, the importance of the yield l imit has been exaggerated. 

Overconsdidated saturated clays may require a certain level of stress to overcome 
possible interlocking effects. Through a phenomenon similar to work hardening, addi
tional strength could be mobilized to stop deformations imder a given stress (28). How
ever, i t is possible that beyond a certain limit necessary to overcome this interlocking 
the materials might behave as a viscoelastic material. This necessarily introduces 
dilatancy, and the volume changes would be a function of the degree of the over consoli
dation. 

In the case of highly overconsolidated clays, dilatancy phenomena become very impor
tant. The material is in general very brittle and the validity of a viscoelastic analysis 
similar to the one presented becomes questionable. 

RHEOLOGY OF CONSOLIDATION 

Distribution of Volumetric Relaxation and Retardation Time s 
In consolidation, the material changes continuously. For a given external volumetric 

stress, the problem can be stated in terms of either the decay of the induced pore pres
sure or the volumetric strains in the material. 

If the problem is stated in terms of the induced pore pressures, the phenomena 
involved are relaxation ones. Near the drainage surfaces, the induced pore pressures 
relax instantaneously. The relaxation times vary from point to point and at each instant. 
This is due to the various lengths of the flow paths to the drainage boundaries, the range 
of viscosities around each solid particle, and the continuous change in the permeability 
of the material. The phenomenological approach does not attempt to separate the effects 
of these variables on the relaxation of the pore pressures; it simply considers that there 
exists a whole spectrum of relaxation times which is generated during the decay of the 
pore pressures. This spectrum can be obtained from the relaxation curve (1) and is 
only valid for one particular state of external volumetric stress. The pore pressures 
tend asymptotically to zero (Fig. 14). 

77/776 
Figure Ih. Decrease of pore pressures with tune under given volumetric stress . 
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Figure l 5 . Volume changes with time under given volumetric stress m t r i a x i a l consoli
dation test. 

If the problem is stated in terms of the volumetric strains, the phenomena involved 
are retardation ones. Instantaneous and retarded responses appear for the same rea
sons as in the previous approach. The distribution of retardation times can be obtained 
from a volumetric creep curve and is only valid for one state of stress The strain-
time curve has a horizontal asymptote, as volumetric stresses do not cause unlimited 
flow (Figs. 15a, 15b). 

Model Representation 
In consolidation, the problem is in general expressed in terms of volume changes 

The model discussed in this section deals with retardation phenomena alone. 
A material that exhibits in its volumetric behavior a whole spectrum of retardation 

times and no unlimited flow can be represented by n Kelvin bodies in series with a 
Hooke element to simulate any instantaneous deformation (Fig. 16). By analogy with 
Eq. 3 the volumetric strain in such a model can be written: 

H 
^m o 

1 
3K. 

n 
r 

n=l 
3K (1 Tnv\ (14) 

in which Kj^ is the elastic bulk modulus (the spring constant), is the volumetric vis
cosity, and T = jjjj/Kn is the volumetric retardation time. 

For a contmuous distribution of retardation times Eq. 14 becomes: 

H ^ ^ r 
•m = (̂ m^o • 3K_ 

00 J,, ( T . ) 
V V (1 - t / l V)d ••v (15) 

in which Jy = l / K is the volumetric compliance of the Hooke element. The distribution 
of the volumetric compliances can be obtained from the experimental determination of 
the creep function: 

*vft> 
m o 

(16) 

by means of Alfrey's graphical method. The distribution wil l vary from one state of 
stress to the other 

As in the case of shear, simplifications can be made in the model representation. 
The simplest model to take the place of the most general one is the three-element 
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Figure l 6 . General model for clay consoli
dating under given volumetric stress. 

Figure 17. Three-element experimental model. 

model composed of a Hooke and Kelvin 
body in series (Fig. 17). The remarks 
made earlier about the parameters of the 
empirical model in shear and the limita
tions of a model representation apply in 
the case of consolidation. However, there 
is no flow term equivalent to . 

General Itemarks on Rheological Approach 
in Consolidation 

In a classical consolidation test, stress 
increments follow at certain regular intervals and in general act during a period of 24 
hr. For each load stage it is customary to plot the volumetric deformations or the 
strains vs the logarithm of the time (Fig 15b). This is the first step of Alfrey's con
struction to obtain the distribution of retardation times. The slope of this curve for 
different values of (log t)t=Tv gives a bell-shaped curve which is the required distribu
tion (Fig. 18). The area under this curve represents the total deformability Each 
stress increment is associated with a different distribution. If, in all cases, the area 
S2 falling beyond logio 1, 440 min = 3.158 (Fig. 18) is negligible, the final e vs log p curve 
would be a good representation of the behavior of the material under volumetric stresses. 
The accuracy decreases if the area S2 increases. In other words, a classical test is 
valid for those clays whose spectrum of retardation times, under the considered stresses, 
is mostly shorter than 24 hr. 

Another point of importance is that of the "secondary consolidation." There is some
times a basic misunderstanding of the problem Both viscous flow due to shear and 
volumetric deformations corresponding to the existence of a spectrum of retardation 
times are often gathered under the same name. What shows up in a laboratory triaxial 
consolidation test as secondary consolidation is the result of volumetric retardation 
times larger than 24 hr. The process is hydrostatic, decreases, and is bound to stop. 
The secondary consolidation part of the experimental curve must finally reach a hori
zontal asymptote. As for the constant rate of settlement of buildings (5̂ , 28, 29), i t 
finds its direct explanation in the section on "Experimental Investigation," in'which a 
saturated clay has been proved to exhibit a constant rate of strain which is a function 
of the stress alone. 
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Figure 18. Distribution of retardation 
times In consolidation. 

Time. 

Figure I 9 . Creep stages under various devi
ator s of stress. 

PRACTICAL APPLICATIONS 

Determination of the Shear Stress at Fracture 
In this study, a line has been drawn between volumetric effects and deviatoric ones. 

Volumetric stresses cause consolidation and changes in the composition of the material 
(i .e. , in the moisture content) but they do not result in permanent flow. Deviatoric 
stresses are responsible for flow and fracture. If the two effects are considered 
separately, to each material composition is attached a certain deviator of fracture under 
given testing conditions. The deviator of fracture can be obtained by means of one single 
unconfined compression test (Figs. 1, 2). This, however, would not allow for any siz
able creep to take place. 

If a saturated clay behaves as a viscoelastic material, creep phenomena must be 
considered Fracture is associated with the deformation as well as with its time deriv
ative (Fig. 19). Under a given deviator, deformations wi l l , in general, occur at a 
rapidly decreasing rate (primary creep) until a state of dynamic equilibrium is reached. 
At this stage the distortional energy applied to the material is dissipated at a constant 
rate given by Eq. 1. Deformation reaches a limit at the point of fracture. When this 
limit is reached, the continuity of the transformation from mechanical potential into 
heat energy is broken. Separation starts at points where the mechanism of coherent 
place change of particles is not available for the release of the potential energy of the 
applied forces (38). The disruption of a certain number of bonds increases the energy 
accumulated in the remaining ones (third stage of creep). Fracture is thus a chain 
reaction process that can be accelerated by higher stresses (Fig. 19). 

Distribution of Stresses in Saturated Clay Soils 
In a viscoelastic material, the amount of deformation or strain is not a direct indi

cation of the stress. In the discussion of the effect of stress increase in rheological 
parameters, the material under consideration was shown to be nonlinear in its retarded 
response. Also, i f the rate of strain at the steady state part of the creep curve is plot
ted vs the applied shear stress, the resulting curve is far from being a straight line 
(non-Newtonian). Thus, nonlinearity seems to extend throughout the viscoelastic behav
ior. Hence, Boltzmann's principle of superposition, as well as the elastic-viscoelastic 
analogy (J.), cannot be applied. 
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In a semi-infinite medium, a stress distribution computed by means of the theory of 
elasticity would only be an approximation of unknown magnitude. As Tschebotarioff 
(30, p. 205) states. 

Nevertheless, observations on the behavior of so i l s indicate 
that the Boussinesq solutions can be applied with reasonable 
accuracy to cohesive so i l s and even, with some l imitations, 
to granular s o i l s , such as sand. 

Regarding the value of Poisson's ratio v which is used in computing the lateral stresses, 
thus in determining the value of the maximum shear stress, he says, 

Thus the possible variation of T ' because of \meertainties 
In the value of the Poisson ratio of so i l s i s negligible and 
does not exceed 15 per cent. 

The validity of a stress distribution based on the theory of elasticity during the constant 
rate of creep wi l l be assumed in the following section. 

On the Foundation of Structures on Saturated Clay Soils 
If a saturated clay is treated as a vlscoelastlc material, the amount of vertical 

settlement due to creep might be used advantageously to determine the allowable pres
sures acting on a fotmdation. Such an analysis can at this stage of development be made 
for a constant volume material, and the creep would be due to the effects of the deviator 
of stresses alone. The procedure would be as follows: 

Under the center of a given foundation, the distribution of stresses can be computed 
by means of Newmark's charts with a Poisson ratio of 0.5. Undisturbed samples taken 
at various depths under the foundation are then submitted in the laboratory to the same 
deviator of stress or the same octahedral shear stress as computed, and the rate of 
permanent vertical strain dei/^^ is deduced from a constant volume creep test (Fig. 
20). This rate of strain is then plotted against the depth Z (Fig. 21) and the area 
between the resulting curve and the Z-axis represents an upper limit to the rate of 
settlement of the foundation due to creep. The following two points are to be noticed: 

1. In the field the loads are applied gradually, but a laboratory test would not have 
to go through the various loading stages, because in a vlscoelastlc material the effect 
of the rate of stress vanishes with time (Fig. 20). 

_ Laboycxfory Locxolfn^ 

Field. LooLcLtng 

Time 
Figure 20. Determination of constant rate of ver t i ca l settlement from laboratoiy creep 

test under given maximum or octahedral shear stress . 
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Figure 21. Rate of v e r t i c a l settlement due to creep. 

2. The distribution of stresses according to the theory of elasticity is assumed to 
be valid and the foundation is considered perfectly flexible. 

In the previous analysis, the constancy of the moisture content in the material is 
assumed. Under the given stresses the material consolidates and its rate of creep 
under the same deviator decreases. One can make an initial analysis for an initial 
moisture content (Curve A, Fig. 21) and one for a final moisture content (Curve B, 
Fig. 21). For the latter, the material wi l l have first to be consolidated in a triaxial 
cell, then subjected in an undrained condition to the computed deviator. Al l the curves 
representing the rate of settlement due to creep for intermediate values of the moisture 
content would be enclosed between Curves A and B. 

The rate of settlement as given by the area between Curve B and the Z-axis should 
not exceed the tolerable rate of settlement. 

For most clays, settlements due to consolidation wi l l overshadow those due to creep, 
and it is only when consolidation is mostly finished that creep starts to be noticed. In 
the case of peat, however, creep phenomena are predominant and the presented method 
wil l be of value in estimating the allowable pressure on a foundation. 

CONCLUSION 
This paper has attempted to bring out the basic ideas behind a viscoelastic Theologi

cal analysis in shear as well as in consolidation. Mechanistic models and their limita-
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tions have been presented and discussed. The separate treatment of volumetric and 
deviatoric phenomena avoids the measurement of pore pressures in the laboratory. 
This, however, does not imply that in the field their measurement is not necessary. 
They are the easiest way to know how the moisture content changes; in other words, how 
the material changes. A method of design based on creep has been proposed, and it 
appears that it can fruitfully be used, together with the theory of consolidation, to pre
dict buildings settlements. The method, however, does not contain any stability criteria. 
This point requires extensive testing and is currently being investigated. 

It is hoped that this study wil l help bring a better understanding of the deformational 
characteristics of saturated clays. 
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Appendix A 
Approximate graphical method to determine the distribution of retardation times from 
a creep curve 

In the study of J( T ) i t is preferable to express J in terms of Inx. Creep tests may 
extend for months, and the logarithmic scale is a very convenient one in such cases. 
If 

K ( T ) = T J ( T ) (17) 

and if K( T ) is plotted against Inr, an area under this curve is exactly equal to the area 
under J ( T ) vs T, 

J ( T ) d T = K ( T ) d l n T (18) 
Ti I n r i 

i f Inr = X,then 

K ( T ) = T J ( T ) = ê  [ j ( e ^ ) ] = L(X) (19) 

The distribution of the function L(X) is completely equivalent to that of J( T ). Thus the 
distribution of the elastic deformability J among the various retardation times can be 
represented either by a plot of J( T) vs T or by L(X) vs X. The total deformability 
possessing a retardation time in the range between TI and TZ is given by the area under 
either of these curves between the two values of the abscissa. 

In terms of L ( l n T ) the amoimt of elastic deformability possessing a retardation time 
between the limits of TI and T2 is given by 

Inr2 Inr2 
J = f L ( l n T ) d l n T = f L(X)dX (20) 

The following method gives an approximation to J( T ). An approximation is derived to 
the function L(log T) in which 

L ( l o g T ) d l o g T = J ( T ) d T (21) 

(Because only the Integral of this quantity is relevant for computation, the change in the 
independent variable (Inr to log T ) is immaterial.) 

The steady flow component is f i r s t subtracted of the creep curve and the rest is 
Op 

plotted as i j vs log t. When the slope of this curve is determined and plotted 
W o 

against (log T)^^^, this curve which can be called L ' (log T) is a fair approximation to 
the actual distribution function L(log T ). L'(log T ) fails to show sharp discontinuities 
in L(log T ) but reproduces the general contour. If L(log T ) is a smooth distribution 
(which in general is the case for clay), L* (log T ) is a good approximation. 

The area imder the curve is exactly equal to the value of 



y--̂ ^̂  = octahedral shearing strain in the Hencky measure. 
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Appendix B 
NOTATIONS 

D = diameter of solid particles. 
E = subscript standing for experimental or empirical, 
e = base of Napierian logarithm—void ratio, 

eij = deviator of strains. 
G = specific gravity of solid particles—shear modulus-

spring constant in shear. 
H = superscript standing for Hencky. 

i = subscript (1, 2, 3). 
j = subscript (1, 2, 3). 
J = compliance of Hooke's body = l /G. 
K = elastic bulk modulus—spring constant in consolidation. 
L = length of sample. 
In = Napierian logarithm, 

log = common logarithm, 
m = subscript standing for mean. 

Su = deviator of stresses. 
t = time. 
u = vertical deformation. 
V = stands for volumetric, 
w = moisture content. 
W = energy. 

(X, Y, Z) = trirectangular coordinates. 
a = angle determining the constant rate of flow in a 

„ creep test. 
V = octahedral 

A = Increment. 
X = Inr. 
T) = viscosity of the Newton body in shear. 
u = viscosity of the Newton body in consolidation. 
V = Poisson ratio. 

â ^ = OQ^J. = mean stress equal to the octahedral normal stress. 
( T . = principal stresses. 

T = retardation time—shear strength in CoulomWs 
equation: r = a tan 4. 

Tjjg^ = octahedral shear stress. 
<p = angle of internal friction, 

^(t) = creep function. 
€j = principal strains. 

e „ = mean strain, m 

Discussion 
ROBERT L . SCHIFFMAN, Associate Professor of Soil Mechanics, Rensselaer Poly
technic Institute—This paper presents an interesting review of the rheological litera
ture, especially where i t concerns infinite spectrum models. It is worthwhile to see, 
in the soil mechanics literature, the reproduction of analyses that have established 
themselves in other disciplines. One must be cautious, however, in the making of an 
interdisciplinary transposition to be complete and to maintain the physical basis for 
such a move. 

The author used a phenomenologlcal analysis, in which he considered the total behav
ior of a two-phase material (solid and water) with minimal consideration of the influence 
and interactions of each phase. 

It is the writer's opinion that this approach is of limited usefulness and does not add 
to a fundamental knowledge of soil behavior. 
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This discussion takes up four topics of the author: 
1. Treatment of consolidation. 
2. Statements concerning the necessity and sufficiency for defining a material as 

vlscoelastic. 
3. Statements concerning a yield l imit . 
4. Conclusion concerning the need for laboratory pore pressure measurements. 
The author uses a multispectrum model to analyze the volumetric behavior of a 

saturated clay. Because he does not attempt to analyze the physical implications of the 
rheological parameters, one must consider the proposed method of analysis as being 
empirical. 

An empirical approach, such as this one, may well be justified if i t enables the solu
tion of soil engineering problems in a more accurate fashion than is presently available. 
It would be enli^tening if the author would present an example (taken from the field) in 
which his method can be quantitatively compared to other, relatively standard, proce
dures. Such an example would be of interest where the effects are both of a primary 
and secondary nature. 

The author refers to situations in which there is a constant rate of settlement. 
Although there may be examples of structures settling at a constant rate, the vast 
majority of observed secondary compression effects show a linear settlement log t plot. 
These case records show that the settlements occur at a decreasing rate. 

As a theoretical treatment of consolidation, the author's use of rheological models 
does not shed any light on the physics of the process. The author gathers together total 
behavior in a parametric model. As such this analysis makes no distinction between 
fluid and solid behavior and their various components. 

From a macroscopic point of view, the process of consolidation is possibly the best 
understood of all phenomena in soil mechanics. This understanding comes about by the 
analysis of component behavior and the assessment of deviations from idealized condi
tions. 

The theory of consolidation is a rigorous theory built on a finite set of physical ideali
zations. The physics of the theory as postulated by Terzaghi (41) considered volume 
changes as an ideal one-dimensional situation. As such, the vertical strain and the 
dilatation are coincident. The stated physical assumptions are 

1. The soil is fully saturated. 
2. The soil components (water and solid) are incompressible. 
3. Darcy's law is valid. 
4. The coefficient of permeability is constant throughout the process of consolidation. 
5. The time delay in consolidation is due only to the permeability of the soil. Time 

rates of consolidation are thus controlled by the rate of water expulsion. 
On the basis of these assumptions, the well-known consolidation pore pressure results: 

= I f <"> 

More generalized consolidation theories as established by Florin (42) and Blot (43, 44) 
have extended the original work of Terzaghi to three-dimensional compression. Eq. 22 
and the conditions preceding i t become a special case of the general theory. 

The general three-dimensional theory of consolidation is based on small strain, small 
velocity theory. The saturated soil mass is considered a two-phase continuum. The 
soil structure is represented by a linear elastic material, and the water phase is repre
sented by an incompressible, Newtonian fluid, which does not develop strain components. 
The entire soil mass is of spatially uniform density. For an isotropic system (a restric
tion also imposed by the author) the effective stress-strain relations follow the linear 
theory of elasticity: 

<i ^hi ' 2G.^. (23a) 
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^xx ^ V ^ 'zz (23b) 

in which 
a|. = effective stress tensor, 

A = dilatatioi^ 
= Kronecker delta, 

G = shear modulus of soil structure, 
V = Poisson's ratio of soil structure, 

e.j = strain tensor. 

Because the fluid components produce no strains, the strain tensor (cy) in the effec
tive stress-strain relation is the strain tensor for the soil mass. 

The fluid phase behaves according to the Navier-Stokes equations for steady flow. 
The flow equation follows Darcy's law. It is assumed that the soil is isotropic with 
respect to flow. 

'w i 
in which 

Vj = velocity vector, 
X. = coordinate component, 
k = coefficient of permeability, 

= unit weight of water, 
u = pore pressure. 

Eqs. 23 and 24 form the equations governing the material prq)erties of the system 
within the general idealizations imposed on the mass. The component portions are 
coupled by the effective stress relationship: 

CT.j = + u6y (25) 

in which 
c T . j is the total stress tensor. 

The soil mass must be in equilibrium and must satisfy the law of conservation of 
mass. As such, the soil mass is govemed by the stress equilibrium and the continuity 
equations: 

aXj axj i 

1 d A 

F, = 0 (26a) 

9x. a t 
(26b) 

If, in a given boundary value problem, only the pore pressure were of concern, then 
Eq. 26b with appropriate boundary and initial conditions would suffice to define the prob
lem. As shown by Gibson and Lumb (45) the general three-dimensional pore pressure 
equation for time-independent total stress is 
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k „ 2 „ _ 3 (1 - 2i/) au /,„x 
^ ^ " - 2 0 ( 1 + ..) - t ^ " ) 

In ideal one-dimensional consolidation, the lateral strains vanish and there are no 
shears across vertical planes. The pore pressure equation for time-independent total 
stress is then 

^w 
a\i 1 - 2v au 

I F " = 2G(1 - v) Tt 
For an incompressible soil structure (i/ = 0. 5) the pore pressure equation does not 

exhibit time delay, and thus the consolidation wi l l be instantaneous. In this case the 
solution becomes trivial because there is no consolidation. The solution for (u) is not 
tr ivial , as i t is the incompressible pressure distribution in the soil mass. 

Because the physical system and the resulting mathematical relationships conform 
exactly to Terzaghi's theory when reduced to one dimension, the preceding theory is 
defined as the three-dimensional theory of primary consolidation. 

Rheologically, the pore pressure dissipation in primary consolidation can be repre-
sentedjjy a spring and dashpot model. The elasticity of the model, represented by a 
spring, physically represents the elastic soil structure. The viscosity of the model, 
represented by a dashpot, represents the water viscosity. The physical and mathe
matical system described requires that the pore pressure dissipation be represented 
by a Maxwell model (46)(Fig. 10b). 

The rheological model just described, like aU rheological models, is purely a 
mechanical analogue to a physical phenomenon. In this case, i t is an "exact" analogue, 
because the differential equation and initial condition governing the model are identical 
to the differential equation and initial condition governing the physical phenomenon. 
Any other rheological analysis of pore pressure in primary consolidation, based on the 
physical conditions outlined, must be considered as ad hoc and thus empirical. 

This analysis only considers an elastic soil structure phase and an incompressible, 
viscous water phase. A distinction is understood to exist between the soil particles and 
the soil structure. Whereas the particles are considered incompressible, the soil 
structure is viewed as a system of soil particles connected by springs. Using this 
physical approach one can logically consider volumetric changes as equivalent to changes 
in moisture content. 

Blot's analysis considered a compressible water phase. Inasmuch as this condition 
is of little importance in saturated clays i t is not considered in this discussion. 

Secondary'consolidation has come to mean, by usage, the inclusion within the effec
tive stress-strain relationships of a viscosity effect. Proposed analytical theories of 
secondary consolidation have universally used a linear viscoelastic effective stress-
strain relationship. A generalized form of such a relationship for an isotropic material 
is 

n-O j , n m.O 

In Eq. 29 the coefficients (AQ) and (BQ) represent the elastic constants of the soil 
structure. Al l the other physical assumptions of primary consolidation are the same 
in secondary consolidation. 

As presented in this discussion, secondary consolidation is considered to occur 
simultaneously with the primary phase. This concept was used by Taylor (47) in 
theory B, in which he demonstrated, both theoretically and experimentally, that one-
dimensional secondary consolidation could be approximately represented by a Kelvin 
model (see Fig. 10a) in the effective stress-strain relations. 

Because the theory is a small strain, small velocity, linear, isotropic theory, i t is 
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permissible to separate the effective stress-strain relations into deviatoric and volu
metric components. An analysis of Taylor's theory B shows that the volumetric effective 
stress dilatation relationship is elastic. The deviatoric effective stress-strain rate 
relationship is Newtonian (46). Rheologically, one spring (volume change) and one dash-
pot (deviator) couple in the one-dimensional effective stress-strain relations in parallel 
to form a Kelvin model. 

Although Taylor, in 1942, did not use the definitions used in this discussion, the 
mathematics of the analysis prove that the relationships described are the same as 
Taylor's. 

Ishii (48), Tan (49, 50, 51), and Gibson and Lo (52) have analyzed another theory. 
This theory considers the volumetric effective stress-dilatation relationship to be elastic. 
The deviatoric effective stress-strain relationship has the mathematical structure of a 
Kelvin model coupled in series with a spring. 

Lo (53) and Murayama (54) have considered changes in the microscopic structure 
during secondary consolidation by introducing a yield limit in the effective stress-strain 
relationship. Biot (55, 56) has developed a general mathematical structure for a three-
dimensional analysis of secondary consolidation for isotropic and anisotropic media. 

The theories and analyses cited are far from complete. However, they form signifi
cant steps in the development of a theoretically sound and experimentally valid method 
of analysis. In these cases the principles of rheology were used to develop the basic 
effective stress-strain relations, using physical concepts of behavior and/or experi
mental evidence. Once the rheology of the volume change and deviator of the solid 
phase was developed, the model analysis of secondary consolidation was based com
pletely on the laws of mathematics and continuum mechanics. 

The previous discussion was devoted to the subject of linear theories of secondary 
consolidation as they existed at the time of this discussion. It is not to be implied that 
these are the only effects. In actuality, secondary effects come about because of the 
nonlinearity of the effective stress-strain relations; the inelasticity of the soil structure; 
pore pressure effects in shear; the errors induced by using small strain theory; the 
nonlinearity of fluid flow relations, such as variations in permeability with hydraulic 
gradient The term "secondary" is not to be interpreted as second order. Many of 
the effects mentioned are of major significance in soil behavior. For example, the 
development of pore pressures during shear, thou^ arbitrarily defined as a secondary 
effect, is of major significance in the development of knowledge of soil behavior. 

The point is that by going through a methodical, careful, step-by-step analysis, 
one can analyze each idealization in turn and proceed to build theories and methods of 
analysis that wil l have general applicability. The author's analysis, based on his Eqs. 
14 and 15, place permeability, viscosity of the soil structure, and the boundary condi
tions of the test in an arbitrary volumetric compliance, which then loses its physical 
meaning. 

The author states four conditions which he states are necessary and sufficient for 
a material to be classified as viscoelastic. Inasmuch as a statement of necessary and 
sufficient conditions is derived from mathematical logic it must be viewed in that light. 
The author states, by claiming necessity and sufficiency, that a material is viscoelas
tic i f and only if the four conditions listed are met (57). 

The fourth condition requires that the constant rate of strain in creep be independent 
of the load path and be only a function of the stress. The "constant rate of strain" por
tion of this statement eliminates a Kelvin model from the author's classification of visco
elastic materials. The strain rate of a Kelvin model in creep (constant load) wi l l be 
an exponential function of time, and thus is not constant. Inasmuch as Kelvin materials 
are considered viscoelastic, one can only conclude that the author's statement of neces
sity and sufficiency is incorrect. 

Though precision and rigor are always important and should be inherent in every 
paper, i t would appear, however, that the author has carried this attempt to extremes 
that would eliminate his own analysis of consolidation from the realm of viscoelasticity. 

The author concludes from his experiments that the soil he studied did not exhibit a 
true yield limit of practical importance. Further, he states the belief that the "impor
tance of the yield limit has been exaggerated." 
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Three questions are raised here. First, is the author justified in making the state
ment concerning the existence of a yield limit for the soU tested? Second, can this 
statement be generalized to normally consolidated clays? Finally, what is the impor
tance of the yield limit? 

It is the writer's opinion that the first two questions must be answered in the nega
tive on the basis of the evidence given in the paper. Possibly, the author's position 
would be clearer if the data presented in Figures 4, 5, 6, and 7 were re-analyzed. 

Figure 4 presents a relaxation-type test. It is apparent from the author's descrip
tion of the test and the sharp stress drop-off at 56 days that the strain during the test 
did not remain constant. To present a complete picture capable of independent analysis, 
the author should present a strain-time record. It would appear that the test used a 
"soft" proving ring which permitted strain changes along with stress relaxation. 

The author presents creep test data in Figures 5, 6, and 7. The graphical manner 
in which the data were presented, the limited test description, and the lack of sufficiently 
complete information on sample preparation make it difficult to analyze the author's data 
and thus to accept his conclusions. Information on the following points seems necessary: 

1. Method of sample preparation and information on sample homogeneity at the time 
of the test; in particular, the measured degree of saturation during the creep tests, and 
the state of prestress induced by the triaxial consolidation. 

2. The measured effect of volumetric stress on shear behavior. The author refers 
to strength behavior in undrained tests. What data does he have on the stress behavior? 

3. Data points on the creep plots. 
4. Moisture content data, including changes in moisture content with creep and mois

ture content distributions within a sample during creep or at least at the end of the test. 
The concept of a yield limit in the rheological literature has a distinct meaning. It 

is defined as the intercept on the stress axis of a strain rate-stress plot (rheological 
diagram) resulting from a series of creep tests. The yield limit is thus a state of 
stress that defines a boundary between no flow (zero strain rate) and flow. Test results 
reported by Bingham (58), Geuze (9, 59), Tan {51), Haefeli (60), De Josselin de Jong 
(61), and Murayama (62^ have all found that a yield limit exists for saturated clays. 

It was the writer's tentative belief in 1959 (^1) that there was some doubt as to the 
existence of a yield l imit . Factual knowledge and experience gained subsequent to 
1959 has convinced the writer that the preponderance of evidence points towards the 
existence of a yield l imit . 

Because the author does not provide data points and a precise graph, i t is not pos
sible to construct a rheological diagram and thus verify the author's statements con
cerning the existence of a yield l imit . 

Assuming that the author can justify his statements about a yield limit i t is doubtful 
that his conclusion regarding its importance can be documented. A single test series 
on artificially prepared samples is insufficient to generalize for undisturbed soil. In 
the writer's experience in the Netherlands, it has been found that many of the soils used 
in dike and embankment cores have a yield l imit of up to 40 percent of the shear strength. 
In analyzing conventional Dutch practice, one would find that, in many cases, the factors 
of safety are such that the working shear stresses are at, or slightly below, the yield 
limit. Geuze (59) has suggested that, in these cases, the yield l imit can be used to 
provide a no-flow analysis. 

The author recommends an analysis of foundation settlements based on a constant 
volume basis (Poisson's ratio of 0. 5). He then correctly states that the creep (settle
ment under constant load) would be due only to the deviator components. If this analysis 
were carried to its conclusion, there would be no settlement due to consolidation, as 
the theory of three-dimensional consolidation has as its limiting condition, instantaneous 
deformation at Poisson's ratio of 0. 5 (63). The author attempts to correct this incon
sistency by performing an analysis at an initial and a final moisture content. By this 
method, the best that the author can achieve are upper and lower bounds of the settle
ment rate. The author determines the settlement rate at an alleged initial and final 
time in the consolidation process. It thus does not appear possible to integrate the 
settlement rate to provide time-settlement predictions. Were he to test at sufficient 
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intermediate moisture contents to provide a reasonable estimate of time-settlement data, 
the amount and length of testing required would be prohibitive. 

The author's method of obtaining an initial analysis (curve A, Fig. 21) is not truly 
initial. He does not state whether his test is consolidated undrained or unconsolidated 
undrained. If it is the latter, then the measured strain-rate is not truly an initial one, 
but one taken at some time after settlement has started. If it is the former, then the 
process of consolidation wi l l additionally alter the point in prototype time at which the 
creep rate is calculated. 

The last paragraph in the section on practical applications appears to negate much 
of the author's previous writing in this paper. In this paragraph the author indicates 
that his creep analysis is of minor importance for most clays but wi l l be of value in the 
analysis of "peat." The tests are confined to one clay. Considering the fact that the 
term "peat" covers a wide variety of soil types, i t appears doubtful that the author's 
single series of tests on an inorganic clay can be so broadly extended. Peats vary from 
highly fiberous open-structured materials that show practically instantaneous settlements 
to colloidal gels with creep effects only. In the writer's experience some peats have 
shown substantial changes in moisture content under both volume change and deviator 
stress, whereas other deposits have shown substantial volumetric and deviatoric strains 
without change in moisture content. 

The author makes a point in his conclusion that the separate treatment of volume 
change and deviator components permits laboratory analysis without pore pressure 
measurements. His thesis seems to be built on the predication that moisture content 
is, at least, the most predominant influence in soil behavior, and furthermore, that 
during shear creep the moisture content remains unchanged. 

The author's analysis is the logical conclusion arrived at by considering the soil 
mass as a linear vlscoelastic continuum exhibiting small strains and small velocities. 
The only modification to this theory in the author's hypothesis is that the shear proper
ties remain constant at a constant moisture content but wUl vary from moisture content 
to moisture content. This would be a justification for running undrained creep shear 
tests to obtain the creep rate. 

The author's basic proposition is that if the volume is held constant during a pure 
deviator test the shear properties wil l remain constant. Using this proposition along 
with small strain, small velocity, linear, continuum theory, he is then free to separate 
volumetric and deviatoric components and to analyze laboratory tests on a total stress 
basis. 

Two points of view can be brought to bear on this proposition. From the microscopic 
point of view, a saturated clay is a system of discrete particles in an electrochemical, 
nonconservative force field. As such the over-all material properties wUl constantly 
change, under stress, due to changes in particle orientation and changes in interparticle 
forces. From the macroscopic point of view, the material property relationships can 
be considered nonlinear, and thus the uncoupling of shear and deviator is not strictly 
permissible. 

Pore pressures occur in undrained shear tests and affect the shear behavior. This 
measured effect is evidence of the interactions between shear and volume change. The 
effective stress principle and analyses using pore pressure parameters (64) can be 
viewed as reasonable linearizing modifications to the uncoupled volume change and 
deviator mechanics, for the purpose of considering interactions between these two 
components. 

The interaction of volume change and deviatoric components is not a phenomenon 
unique to soil mechanics. The literature discussing the rheology of polymers has 
recognized this effect for several years. "Weissenberg" or "normal stress effects" 
recognizes that in shear a polymer wil l develop normal stresses that are functions of 
the shear strain. 

It is appealing to ignore pore pressures and examine everything on a total stress 
basis, even i f confined to the laboratory. The soil mechanics literature for the past 
40 years has devoted major sections to this thesis. The pendulum has swung back and 
forth. The literature shows that advances in fundamental knowledge and engineering 
practice have almost exclusively stemmed from methods and analyses that consider and 
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measure pore pressures. At this time there is probably greater activity in the labor
atory and in practice devoted to measuring pore pressures and pore pressure effects 
than ever before. Pore pressures play an important role in the stress-strain-time 
behavior of soil and in the strength of a soil. To advocate ignoring pore pressures, 
at any time, would be to advocate ignoring a basic material property. 

The laws of continuum mechanics and rheologic principles are extremely useful tools 
in the analysis of soil mechanics problems. In the development of theories and practical 
approaches, however, the mechanics of the system must conform to known or reasonable 
approximations of physical reality. 
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ADEL S. SAADA, Closure— Professor Schiffman's discussion reveals little that is new. 
It reiterates the well-known Terzaghi theory of consolidation (41) and classical concepts 
of continuum mechanics (65) as understood by the discusser. It wi l l be shown herein that 
in many instances this understanding is in conflict with the most fundamental definitions 
on which these theories are built. Although the author fails to see the reason why these 
theories are restated in such great detail in a discussion, there are no disagreements 
as long as they are faithful copies of the original statements. 

Exception is taken, however, to any adumbrations by the discusser; for example, in 
the discussion on consolidation: "The soil structure is represented by a linear elastic 
material, and the water phase is represented by an incompressible, Newtonian fluid, 
which does not develop strain components For an isotropic system (a restriction 
also imposed by the author) the effective stress-strain relations follow the linear theory 
of elasticity." Although the author finds the idea of a Newtonian fluid that flows but does 
not develop strain components rather imusual, he does not understand how anyone would 
be led to make the second statement. Isotropy and linear elasticity are two properties 
that have nothing in common, and the f i rs t does not imply the second. 

A few sentences later, there is the following statement in the discussion: "The fluid 
phase behaves according to the Navier-Stokes equations for steady flow." Steady flow 
is defined as a flow in which the velocity at any given point does not change with time. 
Yet, the essence of the Terzaghi theory of consolidation is that the pore pressure gradi
ent changes with time, a thing that changes pore water velocities from instant to instant. 

Regarding the author's treatment of consolidation, the discusser does not seem to 
realize that in essence the same operations as in Terzaghi's analysis are applied. The 
modulus of volume change my in Terzaghi's theory is obtained from an experimental 
curve; so is the modulus of the spring if Figure 16 is reduced to one Kelvin body. One 
is the inverse of the other. The general case of a distribution of retardation times is 
presented in this study. The phenomenon can be expressed as accurately as one wants 
by increasing the number of models. The various compliances and dashpot viscosities 
can easily be obtained by means of Alfrey's construction shown in Figure 18. 

Regarding the discusser's statement that a majority of observed secondary compres
sion effects show a linear settlement on an e-log p plot, the discusser is referred to the 
two last paragraphs of the section "General Remarks on Rheological Approach in Shear" 
and to several references (5, 9, 28, 29). 

The dissipation of pore pressures can be represented by a Maxwell body, as can be 
any system of relaxing stresses. However, the statement that in this particular model 
the spring physically represents the elastic soil structure and that the dashpot represents 
the water viscosity is incorrect. The establishment of the equation governing the behav
ior of a Maxwell body is based on the fact that the same stress acts on the spring and 
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the dashpot, whereas in Terzaghi's theory the stresses are transmitted from the liquid 
to the solid phase. Al l that can be said is that under an externally applied stress, the 
process of relaxation of the pore pressures due to the expulsion of the water can be com
pared to the relaxation of the stresses in the spring of a Maxwell body because of the 
presence of the dashpot. 

Also, the second sentence in the discusser's statement "The rheological model just 
described, like all rheological models, is purely a mechanical analogue to a physical 
phenomenon. In this case, i t is an 'exact' analogue, because the differential equation 
and initial condition governing the model are identical to the differential equation and 
initial condition governing the physical phenomenon" is again incorrect. How the dis
cusser has reached this conclusion is not known. However, if he has done so by applying 
a Fdurier sine transform to the heat transfer equation as he did in his paper (46), it 
must be pointed out that this is mathematically i f not logically incorrect. The equations 
describing a behavior in a transform domain must f irst be inverted before any meaning
ful comparison can be made with other equations in the real domain. 

The author has warned against possible misunderstanding in the use of rheological 
models. When a spring is used either in this paper or in the Kelvin body "representing" 
Terzaghi's theory, i t simply takes the place of a certain compliance or compressibility. 
It does not mean that the material is elastic in the sense defined in classical mechanics 
(7, 65) and is much less linear (1̂ ). For a given stress increment, Terzaghi assumes 
that the relation between the void ratio and the effective stress is a straight line (66, 
pp. 221), but the slope of this line and the coefficient of volume change my vary from 
one increment to another. Kelvin's body is merely a convenient way to illustrate the 
process of transmission of pressure from the liquid phase to the solid one (66). An 
examination of any e log P diagram shows that a consolidating clay behaves neither 
as an elastic nor as a linear material under successive states of stress. 

Regarding the "proposed" analytical theories of secondary consolidation which have 
used a linear viscoelastic effective stress-strain relationship, the author has never 
heard of any experimental investigation that, while attempting to prove these theories, 
came out with constant parameters under the various stresses. This is a necessary 
condition for any viscoelastic body to be classified as linear. 

As for the analysis of Taylor's theory B by the discusser, i t is incorrect. Taylor 
has attempted to add to Terzaghi's theory the effects of a plastic resistance assumed 
proportional to the rate of strain. Both the modulus of volume change in Terzaghi's 
theory and the factor of proportionality (r?) in the plastic resistance vary from one 
effective stress to another. The relation between effective stresses and measured 
strains in Taylor's theory involves small strains but i t is not linear. 

Taylor did not mention that his combination of effects had anything to do with a Kelvin 
body, though he was familiar with such a body (66). The idea of representing the volu
metric behavior of a material by a fraction of a Kelvin body and the deviatoric behavior 
by another fraction probably did not occur to him because i t is evident that such an 
attempt can only lead to an absurdity. However, assuming for a moment with the dis
cusser that the volumetric effective stress-dilatation relationship is elastic and that 
the deviatoric effective stress-strain relationship is Newtonian, then the discusser 
concludes: "Rheologically, one spring (volume change) and one dashpot (deviator) 
couple in the one-dimensional effective stress-strain relations in parallel to form a 
Kelvin Model." Such rheology is not Taylor's. How can a material classified as elastic 
under volumetric stresses and Newtonian (in other words, a liquid) under deviatoric 
stresses become a viscoelastic solid (see "Rheology of Shear") under combined stresses? 
Certainly, drawing a spring and a dashpot and joining them by two straight lines does 
not have the power of transforming the material from a liquid to a solid state. Any 
possibility of a misinterpretation from the author's side is eliminated by the discusser's 
statement: " . . . the mathematics of the analysis prove that the relationships described 
are the same as Taylor's." The mathematics of Taylor has no relationship with that 
of a Kelvin body. 

The subsequent paragraphs in the discussion up to the point where the discusser 
considers the four conditions for viscoelasticity form a bibliographical revue that does 
not appear to be pertinent. Also, at least two references (52, 53) show that the mate
rial is not linear. 
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Figure 22. Strain-time relation under decreasing stress. 

When analyzing the items that led the author to classify the material as viscoelastic 
under deviatoric stresses, the discusser appears to have concentrated solely on the 
final paragraph of the section "Existence of a Tone Yield Limi t . " He seems to have 
overlooked the creep tests that led to that statement, the reason for which they were 
performed, and most Important, the fact that the first section in the paper states that 
for viscoelastic materials the effect of load history vanishes with time. The constant 
rate of strain, when present, must be a function of the stress alone. The statement in 
question is a result of the creep tests and does not present any ambiguity when looked at 
as such. Any ambiguity that may exist Is only a temporary one, because shortly there
after in the section "Rheology of Shear" i t is stated that a Kelvin body represents a solid 
viscoelasticity and a Maxwell body represents a liquid viscoelasticity. Also, the general 
model to represent the behavior of the material in shear and to f i t the performed tests 
Is given in Figure 11 which represents a liquid type of visocelasticity. The author's 
treatment of consolidation contains several statements classifying the phenomenon as 
belonging to the solid viscoelasticity class; for example, under "Rheology of Consolida
tion, " the first subsection states: "The strain-time curve has a horizontal asymptote, 
as volumetric stresses do not cause unlimited flow (Figs. 15a, 15b)"; and the second 
subsection states: "A material that exhibits in its volumetric behavior-a whole spectrum 
of retardation times and no unlimited flow can be represented by n Kelvin bodies in series 
. . . (Fig. 16)." 

The remarks about precision and rigor, as well as those about the elimination of con
solidation from the realm of viscoelasticity could have been avoided i f the discusser had 
not overlooked what Is before as well as what is after item 4. The author believes that 
reasonings based on mathematical logic should be made after and only after a thorough 
examination of the material to be analyzed. 

Regarding the experimental investigation. Figures 5 and 6 represent exact, to-scale 
deformation time curves obtained by joining experimental points. The graphical manner 
in which these data are presented conforms to the style of the Highway Research Board. 
Figure 7 has been presented in a schematic way; if it were presented in an exact way, 
the inclination of the steady state part of the creep curves would not appear at all The 
data points of these tests were used to establish the distribution of retardation times and 
to classify the material as nonlinear (Figs. 12, 13). 

The strain-time curve related to Figure 4 was not presented because the author did 
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Figure 23. Stress-strain relations for a material consolidated under 35 psi> 

not think any particular information could be deduced from i t . This curve is not a creep 
curve because i t represents the deformation of the material under a decreasing stress 
(It is given in Fig. 22), It was pointed out under "Existence of a Tone Yield Limit" that 
the drop of stress after 56 days was not expected. Many reasons could be given for this 
sudden drop, but if i t is to be attributed to the proving ring, i t would be due to its stiff
ness, not to its softness as stated by the discusser. 

The sample preparation has been fully described in the section "Experimental Investi
gation": the consolidation pressure for the creep tests was 55 psi. Saturation was checked 
at the end of each test performed in this investigation and foimd close to 100 percent within 
the range of accuracy of slide rule computation. 

The fact that for a saturated clay the shear behavior is not influenced by the volumetric 
component of the stress tensor is not new. Habib (Jl) presents a number of stress-strain 
diagrams for samples consolidated at the same volumetric pressure and tested under 
various lateral pressures. These curves nearly coincide. In this study, and for the 
material used. Figure 23 shows two extreme cases. Two identical samples were consoli
dated under a volumetric stress of 35 psi and brought to failure in a period of 6 min, one 
at a constant rate of deformation and the other in a pure deviatoric way keeping con
stant The two stress-strain curves nearly coincide. 

The request for data In the discusser's point 4 is unexpected. Al l the tests in shear 
were undrained tests. The whole approach in shear in this study (see introduction) is 
based on the concept that a change in moisture content gives a different material with 
different properties. As for the distribution of moisture content within the sample during 
creep, the author does not know any method of obtaining i t . In this study, the moisture 
content was considered to be evenly distributed in the samples, as is usually done. Its 
value for the three creep tests was 34.30 i 0.1 percent. 

As to the question of the yield limit, the author concludes that the definition given in 
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the f i rs t section has been overlooked. This definition is the usual one given in mechanics 
of material (7). Though being an intercept on a flow diagram, the concept of yield l imit 
implies either no deformation at all or complete reversibility. A flow diagram is not 
necessary to determine the existence of a yield l imit . In this study, a stress difference 
of 1 psi produced a deformation such that only a small fraction of it was recoverable. 
This is enough to state that, i f a yield limit exists, it is smaller than 1 psi and of no 
practical importance considering an unconfined compressive strength of 38 psi. A flow 
diagram is a convenient way of representation, but the tendency to extrapolate a flow 
curve to its point of intersection with the stress axis is a common, but highly question
able, procedure. 

Also, concerning the list of authors who have all found that a yield limit exists for 
saturated clay, there is the matter of their own definition of such a limit, the way they 
confirmed i t experimentally, and its importance relative to the consistency of the mate
r ia l . As often happens, authors do not all use the same definition and do not come to 
their conclusion through a unanimously approved testing technique. Although Bingham 
(58) used a capillary method—see remarks of Terzaghi (29)—Geuze (9, 59) found a level 
of stress at which no deformation could be detected, and Heafeli (60) extrapolated a line 
on a flow diagram. As for de Josselin de Jong and Geuze (61), i f they did demonstrate 
the existence of a yield l imit , they do not seem to have followed either the definitions 
or the methods used in the two previous references. When these studies are considered 
from the same datum line, the term "al l" does not carry the same weight anymore. 

The discussion related to the suggested method of analyzing the settlement due to 
"creep" does not appear related to this paper. The discusser seems to have understood 
that the author suggests computing the total settlements of buildings by means of creep 
tests alone and he has based his discussion on such an imderstanding. It has been made 
clear, however, in this paper that consolidation is a volumetric process mainly due to 
volumetric stresses and synchronous with water expulsion. The remarks about the 
water expulsion which is bound to stop and the constant rate of settlement which cannot 
be due to water expulsion seem to the author sufficient indication that it is the effect 
of the shear stresses on what is called secondary consolidation that is being analyzed. 
To obtain curves like those in Figure 21, only the steady part of the creep curve is 
considered. This seems sufficient to show that the author is concerned with what hap
pens after the process of water expulsion is nearly terminated or when it cannot account 
for all the observed settlement In the section "On the Foundation of Structures on Satu
rated Clay Soils," it is only a question of deviator of stresses and rate of settlement due 
to creep. Indeed, the deviator of stresses causes secondary volume changes, but when 
the settlements due to shear occur at a rate of Vs or 1 in. per year, i t seems permissible 
to ignore these secondary volumetric effects. The previous analysis can find its direct 
and indirect experimental proof in the same references the discusser presents to make 
his points. Taylor (47) presents data showing that practically no hydrostatic excess 
pressure exists in his samples during secondary compression; in other words, no 
volume changes occur. He recognizes the necessity of attributing i t to remolding 
caused by shear strains, and remarks that i t is more pronounced in a unidimensional 
than in a three-dimensional compression where the disturbance of the soil structure 
is less. As a result, he postulated a law (theory A) which does not depend on permea
bility. Gibson and Lo (52, p. 11) refer to experimental evidence obtained by Taylor, 
Koppejan, and Geuze and state that these authors pointed out that secondary compres
sion takes place at a time when the excess pore water pressure is practically negligible. 
The experimental work of these authors indicates the validity of the principle of dividing 
secondary consolidation into a volumetric component accounting for the slow and decreas
ing expulsion of water and a deviatoric component accounting for permanent, nearly con
stant rate flow. To evaluate the settlements due to shear at the end of the process of 
water expulsion, i t is stated in the same section that the samples taken at various depths 
have to be first consolidated under the computed volumetric stresses and only then sub
jected to the deviator (curve B, Fig. 21). 

Regarding the last paragraph of the section just mentioned, the author fails to find 
where he stated that his creep analysis was of minor importance for most clays. When 
two phenomena occur together (in this case, consolidation and creep), one can overshadow 
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the o ther f o r a p e r i o d of t i m e wi thou t the l a t t e r being of m i n o r impor t ance . A n example 
i n e l emen ta ry rheology i s g iven by a M a x w e l l body under a sudden imposed s t r e s s . 

A s f o r the exper ience of the d i scusse r r e l a t ed to peat, the author has never heard o f 
any "sa tura ted" peat o r o ther type o f c lay that could show substant ia l v o l u m e t r i c s t r a in s 
w i thou t changes i n w a t e r content, cons ide r i ng the e x t r e m e l y h igh p re s su re s needed to 
compres s both phases wi thou t any losses . 

F o l l o w i n g t h i s comes another s tatement: "The au tho r ' s ana lys i s i s the l o g i c a l con
c l u s i o n a r r i v e d at by cons ide r ing the s o i l mass as a l i n e a r v i scoe las t i c cont inuum 
e x h i b i t i n g s m a l l s t r a in s and s m a l l v e l o c i t i e s . " T h i s e n t i r e paper i s a i m e d m a i n l y at 
d i scuss ing the non l inea r i t y o f the m a t e r i a l . Sections on the mode l and the e f f e c t s o f 
s t ress increase and change i n m o i s t u r e content on r h e o l o g i c a l p a r a m e t e r s contain a lmos t 
nothing but s ta tements po in t ing to t h i s n o n l i n e a r i t y . F igu re s 12 and 13 show i t as c l e a r l y 
as possible F i n a l l y , the f i r s t pa ragraph of the sect ion " D i s t r i b u t i o n o f Stresses i n 
Saturated Clay Soi l s" f u r t h e r d iscusses the non l inea r i t y of the m a t e r i a l . 

The end of the d i scuss ion i s a c r i t i c i s m of the approach that at taches a shear s t rength 
to each m o i s t u r e content and a stand i n f avo r of pore p ressu re measurements i n the 
l a b o r a t o r y . The fac t that , i n an undra ined tes t on a sa tura ted c lay , pore p re s su re s 
occur has never been denied by the au thor . Whether these pore p re s su re s a f f e c t the 
shear behavior i s another ques t ion. When i n an undra ined tes t on a sa tura ted c l ay the 
imposed v o l u m e t r i c s t r e s s i s changed, the pore p res su res change by the same amount . 
Ye t the M o h r c i r c l e s at f a i l u r e keep the same d iame te r ( F i g . 2), (4, 11, 19, 26, e t c . ) . 
The s t r e s s - s t r a i n cu rves , a lso , a r e ha rd ly a f f e c t e d by t h i s change i n pore p re s su re s 
( F i g . 23), (11). I n o ther w o r d s , f o r g iven m o i s t u r e contents, the shear behavior i s not 
a f f ec t ed by tHe changes i n pore p r e s su re s . Unless the express ion "shear behav ior" has 
a meaning o ther than u l t i m a t e s t rength and s t r e s s - s t r a i n r e l a t i onsh ip , the p rev ious 
statement i s t r u e and has been es tabl ished e x p e r i m e n t a l l y at leas t since 1947 (19), 
whether the s t r a i n s a r e s m a l l o r not . 

No a t t empt w i l l be made to d iscuss the p r o s and cons o f pore p r e s su re measurements 
i n the l a b o r a t o r y and consequently the v a l i d i t y of the M o h r - C o u l o m b f a i l u r e c r i t e r i o n i n 
t h i s c l o s u r e . The author w o u l d l i k e to point out , however , that the d i scusse r ' s s tatement: 
" T o advocate i g n o r i n g pore p r e s su re , a t any t i m e , w o u l d be to advocate i g n o r i n g a basic 
m a t e r i a l p r o p e r t y , " should have been accompanied by h i s d e f i n i t i o n o f the t e r m " m a t e r i a l 
p r o p e r t y . " The pendulum has indeed swung back and f o r t h , but never as f a r back as 
p r o m o t i n g pore p re s su re s to t h i s r a n k . Pore p re s su re s a r e as much a m a t e r i a l p r o p 
e r t y as a r e the s t resses induced i n the cement of a piece o f concrete under t e s t ing . 

The measurement of pore p re s su re s i n the l a b o r a t o r y w i l l keep i t s present i m p o r t a n t 
status as long as the M o h r - C o u l o m b f a i l u r e c r i t e r i o n i s used and as long as one ignores 
the f a c t that i t i s the w a t e r that i s a t the o r i g i n o f the e l e c t r o c h e m i c a l f o r c e s b ind ing the 
s o i l p a r t i c l e s and that , l i k e the cement i n concre te , i t i s an inherent p a r t of the m a t e r i a l . 
A change i n the m o i s t u r e content gives another m a t e r i a l w i t h o ther p r o p e r t i e s . 

I n conc lus ion , i t i s not a s imp le d i f f e r e n c e o f op in ion that separates the w r i t e r and 
the d i scusse r . I t i s a t o t a l and complete d isagreement on mos t of the d e f i n i t i o n s and 
basic concepts of rheology and the way they a re to be app l i ed . T h i s d isagreement extends 
to the unders tanding and i n t e r p r e t a t i o n of e x i s t i n g r e s u l t s and theor i e s and the conc lu 
sions that can be d r a w n f r o m t h e m . The author hopes that t h i s exchange w i l l r e s u l t i n 
a be t te r unders tanding of the poss ible uses and l i m i t a t i o n s o f rheology i n the study of 
saturated c lays 
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