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The Mohr-Coulomb approach to shear strength has been a use
ful tool in soil engineering but gives no indication of the mech
anism of shearing resistance in fine-grained soils. This mech
anism should be related to the particulate nature of soil and to 
its deformation behavior. Using a model based on interparticle 
bonds, which is consistent with the Bowden and Tabor concept 
of friction, and a chemical kinetic approach, relationships be
tween stress and strain rate are developed. Previously re
ported data from stress-controlled and strain-controlled direct 
shear tests on two remolded soils gave values for the coeffi -
cients in the equations that agreed independently of the test 
method. This indicated a unique deformation mechanism within 
the limitations of the experimental data. These relationships 
also indicated the effects of secondary variables such as tern -
perature and strain rate on the shear resistance. Independently 
of the assumptions of a bond model and chemical kinetic ap
proach, it is observed that the stress-strain behavior of strain
controlled direct shear tests can be predicted from the results 
of stress-controlled (creep) tests. This observation supports 
the conclusion of a unique deformation mechanism and also in
dicates the nature of the general stress-strain-time behavior 
of remolded cohesive soils. 

Creep tests performed on a third soil with a simple-shear 
device show the same behavior as the direct-shear device. 
These tests are also used to show that higher compaction water 
contents result in markedly higher rates of strain. The effect 
of soil fabric changes during deformation is considered, and a 
relationship is suggested that gives a solution applicable to the 
early stages of creep and direct shear tests on remolded soils. 

•THE STARTING POINT for most discussions on the shearing strength of soils is the 
Coulomb equation, 

s = c + p tan¢ (1) 

where the shearing strength, s, is equal to the sum of cohesional, c, and frictional, p 
tan ¢, components. Terzaghi (40) modified this to 

s = c + Pe tan¢ (2) 

where effective stress, Pe, is equal t.o p - u, the total normal stress minus pore water 
pressure. Fo1· graoular soils, U1e cohesional term may be omitted, and the strength 
is given by the product oft.he effective normal stress, Pe, and the coefficient of in
ternal friction, tan ¢, where ¢ is referred to as the angle of internal friction. The 
same relationship has been shown to hold for cohesive soils when the normal pressure 
is expressed in terms of effective stress. This has been well doc1;1mented for normally 
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consolidated clays by Bishop and Bjerrum (3) and more recently for overconsolidated 
clays by Gibbs (12). However, clay soils tested without allowing time for drainage of 
water or readjustments of water structure at particle contacts will show a stress
independent component of strength referred to in soil mechanics terminology as co
hesion. Based on the fact that cohesion is proportional to the consolidation pressure, 
Eq. 2 may be put in the form 

s = Pc tan ¢c = Pns tan ¢r (3) 

where Pc is the consolidation pressure, ¢c is the friction angle for consolidation, Pns 
is the normal pressure du1•ing shear, and 0r is the angle of friction {or overconsolida
tion. Hvorslev (14) refers to this equation as the Krey-Tiedemann failure criterion. 

Bishop and Bjerrum (3) stated, " ... the dille.rence between the shear characteristics 
of sand and clay lies nol so much in the dilference between frictional properties of the 
component particles as in the very wide difference-about a million times-in perme
ability." This view is expressed to show the general validity of the effective stress con
cept and appears valid in view of the evidence supporting the Coulomb equation. How
ever, it overlooks the fact that in many practical cases involving clays, time does not 
permit the full development of effective stresses through drainage or swelling, and an 
apparent difference in behavior results. Further, a difference in behavior would be 
expected because of the difference in specific surface area between granular and co
hesive soils of about a million times. Thus, neglecting differences in surface energies 
that should be in the same order of magnitude for all silicates, the higher specific sur
faces of clays influence a much greater proportion of the soil water. This adsorbed 
water largely accounts for the cohesive and plastic properties of clays. 

FRlCTION CONCEPTS 

Application of the Bowden and Tabor (5) concepts of friction between solids to soils 
indicates the reason for the macroscopic behavior. The real area of contact between 
solids is very small in comparison to the total area and is related to the applied load 
on the contact area. Surfaces of solids are relatively rough compared to molecular 
dimensions, and the load is carried by the highest points of irregularity. Stresses are 
high at these points of contact and plastic deformation of the material occurs until the 
area of contact is large enough to carry the load. This may be expressed as 

A= ..R_ 
Py 

(4) 

where A is the area of contact, P is the load, and Py is the yield stress of the material. 
In the case of metals, if the surfaces are "clean" (no oxide or adsorbed films), the high 
contact pressures cause localized welding or adhesion to occur. However, if release 
of load results in elastic strain release sufficient to rupture the bonds, no permanent 
adhesion occurs. This occurs with harder metals, while softer metals may form per
manent bonds. The bond slrength between two clean metals in contact is given by 
Goodzeit (13) as related to their relative atomic size, crystal structure, electrochemical 
activity, valency, and type of forces that hold the atoms in their lattices. If S is the 
mean tangential stress necessary to shear the junctions, the total force required to 
shear all junctions is given by AS= F, the total frictional force. Combining with Eq. 
4 gives 

F = PS 
Py 

(5) 

which expresses the basic law of friction, namely that the frictional force is dependent 
only on the load and is independent of the total area of the surfaces. 

Granular soils tend to act similarly to hard metals so that they obey the law of fric
tion, but, if load is released, elastic rebound breaks bonds at the points of contact and 
there is no frictional resistance under zero normal load. With clays, however, bonds 
probably form in the adsorbed water layers adjacent to the particles rather than 
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between atoms of the particles, and these bonds, similar to the case of soft metals, are 
not broken when the load is released. Thus the clay will exhibit a shearing resistance 
under zero load, i.e., cohesion. It is generally agreed that all shearing resistance in 
soil is of a frictional nature (6, 16, 28, 41) with cohesion due to internal attractive 
forces. However, in view of these concepts of friction it could just as well be stated 
that all shearing resistance is due to cohesion. 

The Mohr-Coulomb equation, particularly with effective stress modifications, has 
proved to be a useful predictive tool for engineering design. However, it does not in
dicate the mechanism of s\learing resistance in fine-graned soils (17), and the vahdity 
of the concept has been seriously questioned in several instances {Th 30, 32, 33 ). Thus 
it would appear that a different approach is required to gain an understanding of U1e 
mechanism of shearing resistance and deformation of fine-grained soils. This under
standing must ultimately include the effects of mineralogy, soil fabric, and physico
chemical properties. It would further seem necessary to consider the shearing resis
tance in conj'unction with deformation behavior, because many soils do not exhibit a 
well-defined peak strength but rather deform continuously to some maximum resis
tance. In practical cases, the behavior of the soil to stresses below peak or ultimate 
is of primary interest. The need for consideration of deformation response in the field 
is emphasized with regru:d to large deformations in embankments by Rivard andKohuska 
{2'7) and by Peterson (26), who states, " ... cases clearly indicate the importance of 
taking deformation intoconsideration in the design and construction of earth struc 
tures." Rowe (29), in discussing U1e various proposed corrections to the friction angle 
to account for dilatancy, states, "Finally, none of the above work is concerned with be
havior before failure in which region many unsolved problems in soil mechanics lie." 

Although the strength of soils has been widely investigated during the past decade, 
relatively little attention has been paid to the deformation mechanism leading to and 
during failu1·e. Studies using rheological approaches have been carried out for soils 
subjected to stresses well below the peak or ultimate strength (11, 21, 22, 23, 31, 34, 
36., g 39) and for soils subjected lo consolidatioo stresses (!!!,-~ 38t Eyring's 
rate process theory (!l_, .§!_) has also been applied to soil deformation behavior (!_, 19, 20, 
~ 22, 43). Although the.se approaches are able to characterize soil behavior under 
rather limited conditions, few attempts have been made to show the relationship between 
deformation and strength behavior. 

A BOND MECHANISM 

It is reasonable to propose that soil deformation is governed by some mechanism 
that is independent of the method or stress application or the intensity of stress within 
reasonable limits. It was suggested (25) that this mechanism could be related to a 
model based on bonds formed between soil particles due to an oriented structure in the 
adsorbed water adjacent to the particles. Stresses applied to the particulate system 
would be transferred through these bonds, and deformation of the system would occur 
by distortion and breaking of these bonds. Although deformation of a soil mass under 
stress (particularly under low stress) may partially be attributed to the instant defor
mation of the bonds, in a completely random system like soil, the virgin deformation of 
particles or domains is expected to cause a fraction of the bonds to break and repair 
themselves as time progresses, this fraction being equal to the time derivative of the 
number of bonds that break. This mechanism gives rise to a time-dependent deforma
tion. It is doubtful, therefore, that recoverable deformation can occur in soils except 
where the mass has been previously pres tressed under identical stresses. Schmid (33) 
fowid neither an elastic stress range nor a yield limit for clay soils. As stresses in
crease, more and more bonds are broken per unit time, giving rise to plastic deforma -
tion. New bonds will tend to form at points of contact during deformation, but, because 
of reorientation of particles and the apparent time-dependence of bond formation, the 
bonds may be weaker than those existing prior to deformation. 

It was further suggested that the breaking of a bond involves overcoming an energy 
barrier and that the rate of bond disruption can be related to the energy by an equation 
of the form of the Arrhenius equation of chemical kinetics. The rate of strain, y, is 
given by 
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y = A' exp (- ~;) (6) 

where A' is a frequency factor, Ga is the activation free energy, k is the Boltzmann 
constant, and T is the absolute temperature. The activation free energy may be given 
as 

Ga= .:lH - T.:lS - {3
1
T +µ.'a (7) 

where .:lH is the activation enthalpy, .:lS is the activation entropy, /3' is the volume of a 
flow or bonding unit, r is the shear stress~ and µ.'a is the portion of the activation energy 
due to volume change and includes lh.e normal stress, a, on the shear plane. The coef
ficientµ' must have dimensions of volum e. 

The first two terms of Eq. 7 are obtained from the well-known thermodynamic rela
tionship and are related to the bond energy, whe1·eas the latter two terms are mech.anical 
energies representing effects of shear and normal stresses on the energy barrie1·. Com
bining Eqs. 6 and 7 and letting f3 = f3 '/kT, µ. = µ '/kT, and A = A' exp (~ S/k), the rate 
equation is obtained: 

j, = A exp (- !~ + {3T - µ.a) (8) 

Taking logarithms of both sides of Eq. 8 and rewriting gives the following relationship 
for shear stress: 

(9) 

The shear stress was introduced in Eq. 7 to account for its effect on the activation 
energy. Experimental evidence from tests on remolded soils (24) indicated that Eq. 9 
may be taken to represent the maximum shear resistance undera given set of condi
tions. Thus the "strength" varies directly with the logarithm of shea1· rate, inversely 
with the absolute temperature of shear, directly with the normal stress on the shear 
plane, and directly with a parameter including the entropy of activation and frequency 
factor . The first three terms in the relationship are essentially constant for a given 
soil, tested at a given rate and at a fixed temperature, while the last term is a constant 
times the normal stress. This constant may well be related to the minimum energy 
principle proposed by Rowe (29). 

Equation 9, developed froma chemical kinetic basis, shows some parallel with the 
Mohr-Coulomb equation and also indicates a basis for some of the secondary factors 
affecting the strength of a soil. For example, it has been shown that the undrained 
strength of soils varies with the logarithm of time to failure while the effect on drained 
strength may be approximated by a logarithmie relation (4, 14, 19, 42). 

In an earlier paper (25) the A parameter, which includes the activation entropy, was 
further subdivided to show the effects of temperature of consolidation, consolidation 
stress, and water content within a limited range. Each of these variables affects the 
soil's behavior through its influence on the fabric and density of the soil before applica
tion of shear stress. This relationship with soil fabric is logical because entropy is a 
measure of order in a system. 

EXPERIMENTAL PROGRAM 

Properties of the soils used in the experimental investigation are given in Table 1. 
In each case the soils were air-dried and pulverized to pass a No. 40 sieve. Water was 
added to give the desired water content, and the mixed soil was stored for several weeks 
before testing. Specimens were formed by statically compacting a predetermined 
weight of soil. 

All tests were performed as temperature-controlled tests using either a direct shear 
apparatus or a simple shear apparatus ( Geonor ). Two basic types of tests have been 



Property 

Specific gravity 
Liquid limit 
Plastic limit 
Percent passing No. 200 sieve 
Percent finer than 2 microns 

(by hydrometer analysis) 
Mlneralogl cal compo11ition 

(by X-ray diffraction) 

Unified classification 

TABLE 1 

SOIL PROPERTIES 

A 

2.74 
89 
30 
99.4 

80.4 
Calcium 
Montmorillonite 

Highly plastic 
inorganic clay 
C.H. 

Soil 

B 

2.68 
34 
24 
98.2 

25 
Quartz 
Calcite 
Dolomite 
Montmorillonite 
Mica 
Low plastic 

inorganic silt 
M.L. 

C 

2.73 
33 
20 
81.5 

49.5 
Quartz 
Chlorite 
Mica 
Sericite 

Medium plastic 
inorganic clay 
C.I. 
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run: first, a standard controlled rate of deformation test (strain-controlled test) and 
second, a "creep" test in which a single shear load was applied as quickly as possible 
and the deformation (strain)-time response was measured. (Shear strain cannot be de
fined in a direct shear test inasmuch as the thickness of the shear zone is unknown; 
thus the term "deformation" is used in this case. In the simple shear test the entire 
specimen deform s, and the shear strain is defi ned as shear deformation divided by 
specimen thi ckness in the normal direction.) The appli ed shear str ess in the cr eep 
tests varied from about 70 to 110 percent of the peak shea r strength obtained in the 
direct shear tests run at deformation rates of 0. 05 in. per min. At these stresses 
many of the creep tests entered the tertiary stage in which the rate of deformation 
increased. 

The results of 221 creep tests and 213 direct shear tests performed on soils A and 
B using the direct shear apparatus were previously reported (25 ). These results showed 
that similar values could be obtained for the coefficients of Eqs. 8 and 9 from the two 
types of tests. This was interpreted as indicating that the model equation could be 
used to characterize the deformation behavior of two different soils tested in direct 
shear and in creep. The analyses were carried out by noting that Eq. 8 is valid only 
for the case of the second time derivative being equal to zero. This condition is satisfied 
for either a steady-state condition or a point of inflection in the deformation-time curve. 
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Figure 1. Typical deformation-time curves for soil A. 

Deformation -time curves for a 
typical group of creep tests on 
soil A using the direct shear ap-
paratus are shown in Figure 1, 
and a similar set on soil B in 
Figure 2. These curves are 
similar to those reported by 
others for soils (e.g., Schmid 
(33)) and for other materials (e.g., 
Dorn (1)), showing stages of initial 
instantaneous deformation during 
load application, transient creep 
during which the rate decreases 
and may terminate deformation 
under low stresses, steady-state 
creep characterized by constant 
or near-constant rate, and "ter
tiary" creep in which the rate 
increases leading to rupture. 
The rate of deformation, obtained 
as the slope of the curves in 
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Figure 2. Typical deformation-time curves for soil B. 

Figures 1 and 2, is plotted against deformation in Figures 3 and 4 for soils A and B 
respectively. 

A number of creep tests have been performed on soil C using a simple shear appa -
ratus. Strain-time curves for a group of these tests are shown in Figure 5 and strain 
rate-strain curves in Figure 6. 

The results show the deformation behavior of the soil when subjected to a given stress 
intensity. From the rate curves it can be seen that there is some level of stress above 
which the deformation rate, after an initial decrease, begins to increase until rupture 
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Figure 3. Deformation rate curves for soil A. 
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Figure 4. Deformation rate curves for soil B. 
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Figure 5. Typical strain-time curves for soil C. 

occurs or the limit of travel of the apparatus is reached. At lower stresses the rate 
continuously decreases until no further deformation occurs. To obtain values of the 
coefficients in Eq. 8, the minimum points of the rate curves were joined by a straight 
line that was projected to cut the other curves not having minimums, and the points of 
intersection were assumed to satisfy the validity criterion. 'fhe coefficients of Eq. 9 
were obtained by taking the peak or maximum points from the stress-deformation 
curves of the direct shear tests. 

The decrease in rate of deformation under low stresses appears to be a "strain
hardening" effect that may be partially explained by consolidation during shear because 
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Figure 6. Strain rate curves for soil C. 

no attempt was made to control drainage. 
However, most tests took place in a relatively 
short period of time and consolidation should 
not be too significant. Furthermore, similar 
behavior was reported for undrained creep 
tests in triaxial apparatus (35). 

The initial portions of thedeformation
time curves (Figs. 1, 2, and 5) and the de
formation rate curves (Figs. 3, 4, and 6) in
dicate very high initial rates of deformation 
and may be considered to be instantaneous 
or elastic deformation although it would be 
nonrecoverable. The plot of Figure 9 sug
gests a logarithmic relationship for this por
tion of the curves, but difficulties of instan
taneous load application and measurement of 
deformation leave some doubt. 

EFFECT OF INITIAL 
WATER CONTENT 

It was previously noted in reporting the 
results of the tests using the direct shear 
apparatus that, although a coefficient was 
included to account for variations in water 
content of the samples, there was a relatively 
small and random variation in the water 
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Figure 8. Strain rate variation with initial water 
content for soil C. 

contents and thus the coefficient was poorly defined (25 ). Because all test procedures 
including consolidation stresses and times were essentially the same, it was suspected 
that the differences in water content reflected initial differences in the compacted speci -
mens. This has been investigated by three groups of tests performed using the simple 
shear device in which the initial water contents of the spe ~mens averaged 19.35, 25.82, 
and 31.37 percent for the three groups. The resu.lts of these tests are shown in Figure 
7, in which the minimum points of the rate curves are plotted against the corresponding 
shear stresses. The slopes of the lines (the coefficient fJ in Eq. 8) are essentially the 
same, indicating that fJ is not affected by ini1ial wate1· content variations. The rate of 
deformation for a given intensity of shear stress is, however, markedly dependent on 
initial water content. This is shown in Figure 8 for a shear stress of 0.45 kg/cm2

• The 
average water contents of the samples after testing were 22. 75, 23.33, and 26. 76 percent 
respectively for the three groups. Although the differences in final water content may 
have some effect, the fact that all specimens were consolidated and tested under the 
same normal stress and the degree of saturation was 80 percent or more in all cases 
indicates that the final water content is of lesser influence. The influence of initial 
water content is most probably due to differences in soil fabric arising as a result of 
differences in compaction water content as discussed by Lambe (15). Higher compaction 
water contents would result in more parallel particle orientation and lowered shear 
resistance. Experimental scatter can also be related to small differences in initial 
water content and to differences in the fabric imparted by compaction techniques. 

SOIL FABRIC EFFECTS 

A further subdivision of the A parameter of Eq. 8 could be made to account for the 
energy involved in changes of soil fabric during deformation. This structural factor, 
S, in the general case would be a function of strain; time, and temperature; i.e., S = 
S (y, t, T). Because we are dealing with a rate process, strain and time are not in
dependent and time may be omitted. There is also no experimental evidence to suggest 
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that there is a temperature dependence, so 
we may t ake S = S (y). For metals there i s 
experimental evidence (2 ) that S (y) can be 
expr essed by y-2

• In the gener a l case for 
soils, this function should account for the shape 
of the stress-strain curve and the strain rate
strain relationships. Obviously no simple 
function will acount for peaked stress-strain 
cLU·ves nor for creep curves that reach the 
ter tiary s tage. If it is as s umed that S = y-n 
and this function is added to Eq. 8, a loga
rithmic plot of y versus y should give a straight 
line with a slope of -n. This is shown in Fig
ure 9 for a group of creep tests performed 
on soil C with the simple shear apparatus. 
The initial portions of the strain rate curves 
gave straight lines with an average slope of 
about 4. The results from other tests gave 
values of from 3 to 6. Introduction of the 
strain function into Eq. 9 indicates that a plot 
of shear stress, r , versus ln y should give a 
straight line with a slope of n/ /3. The initial 
portions of the stress-deformation curves 
plotted logarithmically in Figure 10b are 
reasonably represented by straight lines. The 
slopes of these lines give n values of about 
24 for soil A and 3. 5 for soil B. In these 
direct shear tests the values of /3 were poorly 
defined and thus the values of n are not neces
sarily accurate. 

Becausethevaluesof narevariableandthefunction y-n fits only the initial portion of 
the curves, a more complex functional relationship should be sought to account for fabric 
changes during deformation. 
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Figure 10. Stress-deformation curves for soils A and B from direct 
shear tests . 
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Figure 11. Stress-deformation curves for soils A and B comparing 
results from direct shear and creep tests. 

STRENGTH-DEFORMATION 
RELATIONSHIP 

The agreement between the 
values of the coefficients in Eqs. 
8 and 9 obtained from creep and 
direct shear tests respectively 
supported the hypothesis of a 
unique deformation mechanism 
that could be represented by a 
chemical kinetic model. The 
uniqueness of the mechanism is 
further supported by a second 
observation that is independent 
of assumptions of model or the 
rate equation. Lines of constant 
rate of deformation (strain) in 
Figures 3, 4, and 6 intersect the 
stress curves at increasingvalues 
of deformation. A plot of these 
intersection points gives a portion 
of the stress-strain curve for the 
selected rate. Two of these 

"predicted" stress-strain curves are compared in Figure 11 with the actual curves ob
tained from direct shear tests run under the same conditions. The peak shear stress 
predicted from the creep tests is within 10 percent of the peak strength obtained from 
the direct shear tests and occurred at essentially the same deformations. The shapes 
of the curves were also closely predicted for two soils with considerably different stress
strain behavior. 

The peak in the stress-deformation curves obtained in the direct shear test is seen 
to be related to the imposed rate of deformation. A very slow rate would result in 
little or no peak while a more rapid rate would result in a more pronounced peak. No 
stress curves on the rate plots (Figs. 3, 4, and 6) extend beyond a certain deformation. 
This is consistent with observed stress-strain behavior in which stress becomes es
sentially constant at deformations somewhat beyond the peak, i.e., ultimate strength. 

The foregoing has shown that the rate curves obtained from strain-time plots give 
an indication of the behavior of the soil to be expected under an imposed shearing stress 
or rate of deformation. However, these relationships have been determined only for 
remolded cohesive soils and may not apply to such soils as overconsolidated clay shales 
that may weaken with time nor to highly sensitive clays that undergo a marked struc
tural breakdown at rather low strains. 

CONCLUSIONS 

A different approach to soil deformation and strength behavior has been developed 
from a chemical kinetic viewpoint. A model based on interparticle bonds has yielded 
relationships that appear valid for both creep and strength tests. Simple parameters 
are obtained that reasonably characterize the behavior of remolded cohesive soils 
tested in direct and simple shear. 

Experimental results on three cohesive soils show that there is some level of shear 
stress that, if applied rapidly, will result in a decreasing rate of deformation to a mini
mum and then an increasing rate to rupture. Stresses below this level result in a de
creasing rate of deformation until movement stops. 

A large increase in deformation rate for a given level of shear stress occurs with 
an increase in the compaction water content. This is probably a result of differences 
in soil fabric formed during compaction. Change in soil fabric during shear deforma
tion is primarily a function of strain, but no simple relationship was found to satisfy the 
imposed constraints. 

The strain-time behavior of remolded cohesive soils under an imposed level of shear 
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stress can be directly related to the stress-strain behavior under an imposed rate of 
strain. This relationship supports the hypothesis of a unique deformation mechanism 
and thus indirectly the validity of Eqs. 8 and 9. 

These relationships indicate the effects of some of the secondary variables and should 
lead to a better understanding of stress-strain-time behavior of soils. The approach 
also opens the way to investigation of mineralogical and physicochemical properties by 
their effects on the various parameters. 
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