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Clay Structure and Rate Process 
Theory 
O. Erol, T. Demirel, and R. A. Lohnes, Civil Engineering Department and 

Engineering Research Institute, Iowa State University 

An eHort was made to incorporate structural variations into rate·pro.cess 
theory by defining a primitive or ideal clay that has a linear strain·time 
relation implicrt in rate-process theory. The slope of the creep curve of 
the primitive clay is equal to the slope of the tertiary curve at Its infl.ec· 
tion point. The deviations of the tertiary curve from the straight line are 
a measure of the behavior of the real clay caused by the structural 
changes. The ratio of the strain of the real clny to the strain of the prim· 
itivo clay can be calculated at any point in time. This ratio, defined as 
the mobilization ratio, is a measure of real·clay structure relative to 
primitive·clay structure, which remains constant during progressive creep 
deformations. The method of analysis proposed here reveals that equiv· 
alont mobilization ratios correspond to points of identical structure on 
creep curves. This hypothesis is supported by the experimental results. 
The analysis of undrained sim1>le shear creep tests conducted on grundite
illite clay at various temperatures and shear stresses demonstrates that 
the rate process parameters-flow volume, activation enthalpy. and pro· 
portionality constant- are structure dependant. The structural changes 
that accompany creep deformations can be expressed in terms of varia· 
tions in these parameters. 

Although structure is accepted as one of the most impor
ta1rt properties influencing the mechanistic behavior of 
soil, it is at best a descriptive concept manifest in terms 
such as single grained, massive, agg1·egated, dispersed, 
flocculent, and edge-to-face and face-to-face association. 
The following definitions taken from engineering and 
pedologic references briefly illustrate the current con
cepts of structure. 

The U.S. Department of Agriculture (USDA) (10) de-
fines soil structure as follows: -

Soil structure refers to the aggregation of primary soil particles into 
compound particles or clusters of primary particles, which are separated 
from adjoining aggregates by surfaces ot weakness. 

Although some researchers use the terms structure 
and fabric interchangeably, Mitchell (1.) defines fabric 
as the arrangement of particles, particle grou1ls , and 
po1·e spaces in a soil and states that 11 

••• structure is 
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taken to have the broader mea11ing of the combined ef
fects of fabric, composition, and interparticle forces." 
Implicit in the USDA definition (10) is that the aggre
gates are visible to the unaided eye. Mitchell (7) on the 
other hand clearly states that his emphasis in soil me
chanics is at the microfabric level, which requires at 
least an optical microscope for study, but that macro
fabric i.fi also of great importance. 

According to Yong and Warkentin (12), 

We define soil structure as that property of soil which provides the in
tegrity of the system and which is responsible for response to externally 
applied and internally induced sets of forces and fluxes. Soil structure, 
as a property. includes the gradation and arrangement of soil particles, 
porosity and pore·size distribution, bonding agents and the specific in· 
teractions developed between particles through associated electrical 
forces . 

Hillel (~ states: 

Soil structure Is generally defined as the mutual arrangement, orientll· 
tion, and organization of the particles in the soi l. The term Is also used 
sometimes with reference to the geometry of the pore spaces. Since the 
arrangement of soil particles is generally too complex t o permit any sim
ple geometric characterization, there is no practical way to measure soil 
structure directly . Therefore, the concept of soil structure is used in a 
quatita1ive sense. 

From these references it can be seen that Mitchell 
(7) and Yong a.nd Warkentin (13) consider that fabric is 
Orie aspect of structure whereas Hillel (5) and USDA 
(10) make no such distinction. Hillel (5) points out the 
complexity involved in measuring soil structure and that 
methods for quantitative Characterization of structure, 
such as pore-size disfribution, are indil'ect methods. 
He further points ottt that structure is dynamic and 
changes in response to changes in environment. The 
very complex geometry of the individual primary par
ti.cles of clays, the complex geometry of the aggregates, 
and the changes in s.tructure resulting from changes in 
stress make the problem of relating the structure of 
clay-water systems to mechanistic behavior even more 
formidable. 

APPROACH TO THE PROBLEM 

Soil structui·e may be defined, for application in soil 
mechanics, as the size, the shape, and the arrangement 
of primary soil particles to form aggregates . The size 
of the primary particles is referred to as texture; the 
arrangement of the primary particles may be referred 
to in granula.r soils as packing and in clay soils as fab
ric. In most soils, at stresses commonly encountered 
in engineering problems, the sh-ucture changes that 
occur in response to changes in stress al·e changes in 
fabric. At extremely high stresses, in soils of very 
low density or high moisture content, or in soils contain
ing easily deformed primary particles, all three aspects 
of structure may be influenced by changes in stress. 

A major difficulty in the quantitative characte1·ization 
of structure is the lack of a reference state. In this 
study, therefore a unique point in the stress-strain 
lrlstory of a soil was selected that could be used to com
pare other points, each of which represents a different 
degree of deformation or structure. 

Rate -process theory, which is the fundamental theory 
adopted for the study of the relation of clay-water struc
ture to its mechanistic behavior, has been tested in soil 
studies for nearly two decades (!, ~ !!., 9). The the01•y, 
as adopted by Noble and Demirel (:!.), states that 

(I) 

where 

1 = shear strain rate, 
A = a constant that includes the activation 

entropy, 
AH*= activation enthalpy or bond energy, 

f3 = flow volume that characterizes the meclmical 
motion of the building blocks of the clay-water 
system, and 

'T = applied shear stress. 

This equation does no~ explicitly include a term that re -
fleets the structure of the material; however, du1·ing 
deformation a l'earrangement of either the primary par
ticles or the aggregates is expected to occur. This re
arrangement reaction should result in an increase in 
strength of the bonds (essentially Vancler Waal's bonds), 
fhe Jlrimary particle Size, and the 01·der of the system. 
An increase in flow volume and activation enthalpy and 
a dec1•ease in activation entropy may therefore be ex
pected. It is obvious tllal, as a particulate system such 
as clay-water defonns, there is the potential for change 
in any or all of these parameters. 

Equation 1 implies (a) a linear relation between shear 
strain (y) and time (t) and (b) that at coustant shear stress 
('T) and tempe1·ature (T) the flow volume, activation en
tropy, and activation enthalpy of the system are con
stant. Many experiments indicate that the shear strain
time curves of soils and clay-water systems are not 
linear but that straiu rate decreases with time (pl'imru:y 
or terminal creep) or decreases to an inflection point 
and then begins to iucrease (tertiary creep). This be
havior suggests that, at constant shear stress, the ac
tivation entropy, the activation enthalpy, or the flow 
volume or any combination of the three may vary. 

Equation 1 states that the shear stnin i·ate is pro
portional to the number of bonding units that have ener
gies equal to or greater than the activation energy. Pre
vious studies have focused on obtaining a single set of 
the1·modynamic parameters characterizing the activated 
state of clay-watei· or soil systems· however, in order 
to determine flow volumes and activation enthalpies, 
shear strain rates must be compared at points of identi
cal structure. Because the creep curves are not linear, 
the problem of locating points of identical structure has 
been approached in two dillerent ways. Some research
tll'S (G, 8) have said that identical soil structure is at
tained at equivalent time of shear. Noble and Demirel 
(9) and others maintain that the structure is equivalent 
at inflection points on the tertiary creep curves. 

To incorpo1·ate structural variations into rate -process 
theory, a primitive or ideal clay-wate1· system may be 
defined by a linear strain-time J.•elation implicit in Equa
tion 1. Figure 1 shows that the slope for the primitive 
clay is equal to the slope of U1e tertiary creep curve at 
its inflection point. Thus, at the point where the second 
derivative with respect to time is zero the fu·st deriva
tive is obtained and a straight line at that slope is d1·awn 
through the inflection point. This straight line then de
fines the strain-time behavior of the p1·imitive clay ac
cording to the definition. The deviations of the real-clay 
strain-time curve from that of the straight line (Figure 
1) are a measure of the structural changes that accom -
pany the deformation of the real clay. The structure of 
the real clay at the inflection point is thus the reference 
structure for the real clay and is equivalent to the struc
ture of the primitive clay, which is constant tlu·oughout 
its deformation lristo1·y. 

The ratio of the strain of the i·eal clay (yr) to the 
strain of the primitive clay ('YI>) can be calculated at any 
point in time on the strain-time curve of the real clay. 
This ratio, defined as the mobilization ratio (M) is a 
structure parameter that measures the departure in the 
behavior of the real clay from that of the primitive clay. 



To compare the strain-time curves of clay samples at 
various shear stresses, one must be able to assume that 
the structures of the sample:; are the same at equivalent 
mobilization ratios. It is possible, then, to use the 
mobilization ratio to study the influence of shear stress 
on the strain-time beliavior of clay-water systems at 
various temperatures; it is also possible to study the 
variations in flow volumes, activation enthalpies, and 
activation entropies as shear stress varies. 

At a constant shear stress, the mobilization ratio 
will be fractional at the begi.nning of a test and increase 
to a value of one at the inflection point. In the acceler
ating portion of the tertiary strain-time curve, the mo
bilization ratio will continue to increase until the soil 
fails (i.e., the shear stress is relieved). 

EXPERWENTS AND RESULTS 

Grundite collected from Morris Illinois, was used for 
the study. Raw. clay was first sieved through a 74-µm 
(No. 200) sieve, and the fraction passing was used in 
the experiments. This clay, which is mainly illite with 
minor amounts of kaolinite, has the following properties : 
liquid limit, 58.6 percent; plastic limit 28.4 percent; 
and percent Iine1· than 2 um, 72 .2 percent. 

The creep experiments were conducted by using a 
simple shear apparatus developed by Erol and Hartwell 
(~, !) . Mechanical details of the apparatus are shown 

Figure 1. Strain versus time behavior of real clay-water system at 
constant shear stress and temperature and behavior of ideal or 
primitive clay. 
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Figure 3. Typical strain versus time curves. T • 19. 7 k Pa 
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in Figure 2. The simple shear box was designed to test 
12.7 X63.5 x63.5-mm3 {0 .5 x2.5 x2 .5-in3) specimens 
enclosed in teflon-coated metal walls. Teflon coating 
was found to be satisfactory in providing lubrication for 
the specimen-shear box boundaries to minimize load loss 
in friction . Because there is no change in the area of 
the specimens as they stnin, simple shear testing ap
pears to be most appropl'iate for correct and simulta
neous measurements of stresses and strains. A clouble
layered, insulated, asbestos housing unit; heating ele
ments; and a solid-state temperature controller [ accu
rate with.in :1:0.5°C (±33°F)] were used to control the tem
perature of the air surrounding the shear box. 

Clay pastes were molded into the· sheai- box by hand 
and seated by static pressure of 104 kPa (15 lbf/ in2

) . 

Normal pressure was kept constant at 41.2 kPa (6 lbf/ hi2) 
throughout the experiments. Moisture content and tem
perature of the specimens were varied between 33 and 
52 percent and 10 and 65°C (50 and 150°F) respectively. 
Undrained creep experiments were conducted at differ
ent levels of sbeai' stresses. The shear deformations 
and vertical deflections were continuously recorded on 
strip-cha.rt i·ecorders having a chart speed range of 610 
to 152 mm/ min {24 to 0.06 in/ min). Typical time defor
mation curves are shown in FigtU·e 3. 

Shear strain-time curves were plotted, and the strain 

Figure 2. Siniple shear apparatus. 
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rates (.Y) at equal mobilization ratios (M) were deter
mined. The log oi strain rates was plotted versus shear 
stress and the reciprocal of temperatuxe, as shown in 
Figures 4 and 5 respectively. [The slopes of the lines 
in Figure 4 give flow volumes (/J) . In Figure 5, the 
slopes of the lines give activation energies (&I*) ru1d the 

Figure 4. Shear stress versus strain rate at various mobilization ratios. 
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t he plots in these figures supports the validity of the con
cept of points of equal mobilization ratio being points of 
equivalent structure. 

Flow volumes, activation enthalpies and the propor
tionality constants that reflect the activatio11 entropy were 
computed from the slopes and intercepts of Figul'es 4 
and 5 at various mobilization ratios . Figure 6 shows the 
resulting variation of each of these parameters. The 
trends in Figure 6 show an increase in flow volume and 
activation enthalpy and a decrease in the activation en
tropy up to the mobilization ratio of one (inflection point 
of the creep curve). The variations in rate-process 
parameters follow reverse trends in the tertiary region 
of the creep curves. The parameters thus reach their 
maxim,um and minimum values at the inflection point. 
An increase in flow volume (8) and activation enthalpy 
(AH*) implies that larger structural units and stronger 
bonds are formed during the primary (strain-hardening) 
portion of the creep curves. In the same region, the 
orderliness of the system increases as indicated by the 
decrease in the proportionality constant (A) . This agrees 
with direct obse ·vations of shear-induced fabrics (3, 11), 
which showed increasing particle orientations in tlie -
shear direction at different stages of shear. The occur
rence at the inflection point of the highest values of fJ 
and AH* and the lowest value of log A can be interpreted 
as indicating that the structure achieves its coarsest tex
ture and most strongly bonded and most orderly particle 
arrangement at the inflection point. The opposite be
havior in the tertiary creep zone indicates disintegration 
of the structural units into smalle1· units, loosened par
ticle association, and decrease in degree of orderliness 
of the structure, as implied by the decrease in ~ and 
.Mi* and the increase in log A respectively. 

Figure 6. Mobilization ratio and rupnire ratio versus (11) flow volume, 
(b) activation enthalpy, and (c) log of cootficient A. 
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CONCLUSIONS 

To incorporate structural variations into rate-process 
theory, a primitive or ideal clay-water system is de
fined by a linear strain-time relation implicit in the 
theory. The deviations of the real-clay strain-time 
curve from ideal behavior are attributed to the struc
tural changes that accompany the deformation of real 
clay. To quantify the structural variations a strain 
ratio, called the mobilization ratio , is defined. When 
creep curves of clay specimens at various shear s4·esses 
or tempe1·atures are compared, the structures of the 
specimens a1·e identical at equivalent mobilization ratios. 

The method of analysis i·eveals that the rate-process 
parameters ({3), (.:YI*), and (A) are stJ:ucture dependent. 
Because these parameters vary with creep deformations 
they can be treated as structural parameters to charac
terize the sh·uctul'al variations. The test results indi
cate that strain hardening is associated with a rearrange
ment of particles tbat tends toward a more ordered sys
tem and with a tendency in the primai·y particles to be 
welded into larger particles with stronger bonds. The 
structure attains its coarsest texture and most strongly 
bonded and most orderly particle association at the inflec
tion point of the creep curves, as indicated by maximum 
values of .Band .:YI* and minim11m value of A. 
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Sampling a Glacial Silty Clay 
J. H. Lamb, Department of Civil Engineering, Wayne State 

Univet·sity 
J. M. Ritchie, Michigan Department of State Highways and 

Transportation 

Over a period of 10 years a total of· 42 borings were made in a glaciola· 
custrine deposit on the western boundary of Detroit, Michigan. The soil 
profile consisted of yellow-brown mottled silty clay underlain by gray 
silty clay. The undrained shear strength. moisture content;and dry den
sity of 329 soil specimens of the gray silty clay are statistically analyzed. 
The variables are randomly distributed in both the vertical and the lat
eral directions. The lognormal diS1ributlon is tho most likely fit for the 
data but, on engineering grounds, the normal distribution is preferred. 
Statistical estimation theory indicates that as few as 5 borings arranged 
in an X pattern and containing at least 30 specimens could adequately 
estimate the values for design at this site. 

Any program to determine the properties of a natural 
soil deposit requires answering the following questions: 

1. How many borings should be made? 
2. Where should the borings be located? 

3. How many field tests or laboratory tests or both 
should be performed? 

Once these questions are answered, usually somewhat 
arbitrarily, it is still necessary to adopt a method for 
calculating the value of the design parameter. For ex
ample, a procedure that has been recommended for 
analysis of bea.ring capacity in clays is to take several 
borings in the area of the footings, average the values 
in each boring within the significant depth, and take the 
minimum boring average divided by the factor of safety 
for design (4). Althoug.h this procedure is generally ef
fective, the -actual factor of safety is not known. Because 
the various properties of natural soil deposits behave 
like random variables, their variations can be analyzed 
by statistical methods. Such methods make it possible 
to answer the above questions systematicaliy. 




