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SYNOPSIS 

The important problem is completely and accurately to determme the shearing 
characteristics of the soil. Careful consideration must be given to the methods of 
shear testing and to the analysis and interpretation of test results. Recent 
researches by leading authorities in the field of soil mechanics have'given us 
certain fundamental principles. The ultimate shearing failure in soil is governed 
by the effective stresses carried entirely by the gram structure of the soil. A 
substantial part of the total applied stresses may be temporarily carried by 
hydrostatic stress in the pore water, which does not contribute in any way to 
mobilizing shearing strength. The proportion of the total applied stresses tliat 
is effective depends upon the relation between shearing stress and the volume-
change that always accompany shearing deformations. The shearing characteristics 
are intimately related to consolidation characteristics, and are determined by the 
initial voids ratios and the load history by which this initial condition has been 
reached. 

The shearing characteristics of certain cohesionless and certam cohesive plastic 
soils, both in the remolded and undisturbed states, are given in some detail, and 
are discussed m relation to shear failure phenomena. The results are analyzed as 
to values to be used in the analysis and solution of practical problems. 

A few years ago i t was thought that 
shearing phenomena were relatively sim­
ple and fairly well understood. But today 
we know that they include some of the 
most controversial and least understood 
questions of soil mechanics, and as a con­
sequence many conflicting results have 
been obtained. However recent re­
searches have established certain funda­
mental principles governing shearing 
failure. 

I f we are intelligently to apply a factor 
of safety, which is something more than 
a mere guess or a factor of ignorance 
and if we are to learn how to apply our 
knowledge correctly to the solution of 
practical problems, we must give careful 
consideration to: 

1. The nature of shearing phenomena 
and conditions of failure, and the 
lessons learned from experience. 

2. The methods used in obtaining in­
formation on the shearing char­
acteristics of soils. 

3. The analysis and interpretation of 
results of shearing tests. 

An analysis of any given situation in­
volves first of all attempting to under­
stand the nature of the problem and try­
ing to reduce the uncertainties to a mini­
mum. Second, it involves making an esti­
mate of the forces and physical factors 
governing the conditions of failure. And 
third, i t involves attempting to define the 
limiting conditions in which shearing 
failure can possibly occur. In order to 
build up a body of authoritative knowl­
edge on the subject, it is essential to 
make careful accurate observations in 
the field and systematically to collect 
data on the phenomena of sheading 
failures. 

For cohesionless soils the researches of 
Casagrande ( 1 ) ' (2) (3), Taylor (4), 
Watson (6), and for cohesive soils, the 
researches of Terzaghi (6) (7), Hvorslev 
(8), and Jurgenson (9) have given us 
fundamental principles governing shear­
ing phenomena. 

1. The ultimate shearing failure in 
soil is governed, not by the total 

1 Numbers in parentheses refer to list of 
references at end. 
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external applied stresses, but by 
the effective stresses carried en­
tirely by the grain structure of 
the soil. 

2. The relation between applied 
stresses and the volume-changes 
that accompany shearing defor­
mations must be known in order 
to make an intelligent estimate 
of what proportion of the applied 
stresses may be effective for mo­
bilizing shearing resistance. 

3. The behavior characteristics of a 
soil in shearing depend upon the 
initial moisture content or voids 
ratio, the load history of the soil, 
and the consolidation character­
istics of the soil. 

We are concerned primarily with the 
safety of a mass of soil against overstress 
and failure by plastic flow or by rupture. 
This requires the determination of the 
shearing strength of soil under different 
possible conditions. The behavior char­
acteristics of a mass of soil in shear de­
pend upon the permeability and the com­
pressibility of the material, the size of 
the mass involved, the voids ratio of the 
material with respect to a critical voids 
ratio, the volume-changes which take 
place during shearing, and whether the 
shearing failure tends to take place 
slowly or can take place rapidly. By 
varying shear test conditions indiscrimi-
nantly or by an arbitrary technique one 
can obtain almost any value of the angle 
of friction and of cohesion, between zero 
and its ultimate value. Such values can 
not be considered as soil constants and 
their use is dangerous. The most impor­
tant tasks confi-onting us today are first, 
to develop scientifically correct methods 
of shear testing, which will yield sig­
nificant values having a direct bearing 
on our problems, and second, to learn 
how to apply correctly the results in the 
solution of practical problems. 

Terzaghi (6) and Casagrande (3) have 
stated certain conditions, which must be 

satisfied in order to obtain not more than 
one value for the shearing strength of a 
given material for each value of either 
the applied normal pressure or the minor 
principal stress: 

1. All specimens must have the same 
initial moisture content or voids 
ratio. 

2. This initial condition must be 
reached by the same loading pro­
cedure. 

(a) By increasing the consolidation 
pressure from zero to its ulti­
mate value in a natural state 
of consolidation, and shear­
ing the specimen under this 
pressure. 

(b) By pre-consolidating the speci­
men to a certain pressure 
and then unloading i t to a 
certain smaller pressure un­
der which the specimen is 
sheared—a state of over-
consolidation. 

(c) By compacting the material to 
the same degree by a stand­
ard method, and then follow­
ing methods (a) or (b). 

3. The shear test must be run so 
slowly that total applied stresses 
are effective stresses, allowing 
sufScient time for the volume-
change adjustments to take place 
and for full development of ef­
fective stresses. That is, excess 
hydrostatic stresses or neutral 
stresses in the pore water are 
kept to a very low value, eitiier 
by slow continuous loading, or 
by very small increment shear 
loadings. 

These investigators (3) (6) have em­
phasized the fact that the analysis of the 
shearing strength of either a test speci­
men or of a large mass of soil in nature 
must be based on a knowledge of effec­
tive stresses and on the possible changes 
of stress conditions with time, because 
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otherwise one can not be sure that ap­
plied stresses are fully effective. A sub­
stantial part of the applied stress may 
be temporarily carried by the water in 
the voids of the soil as a neutral stress, 
which does not contribute in any way to 
mobilizing shearing strength. 

COHESIONLESS SOILS 

In a laboratory test on cohesionless soil 
in a saturated condition a small mass of 
soil is involved and water can escape 
freely from the soil pores with volume 
decrease or flow into the soil with volume 
expansion at almost any rate of shearing. 
Externally applied stresses are therefore 
effective stresses. While the direct-shear 
test method is not entirely satisfactory 
and shows inconsistencies, the results for 
Ottawa sand in Figure 1 illustrate char­
acteristic differences in the behavior of 
the material in the loose and dense states. 
In Figure la the ratio of the shearing 
stress to the normal pressure, is plotted 
against the horizontal shearing deforma­
tion. Failure having the nature of plastic 
flow occurs in the loose state, where the 
stress gradually increases to a maximum 
value at a rather large horizontal defor­
mation. Failure by rupture occurs in the 
dense state where there is a considerable 
drop in the shearing strength after the 
maximum has been reached, the maxi­
mum being considerably higher than that 
in the loose state. Taylor (4) has pointed 
out that while the maximum shearing 
strength is greatly influenced by the 
initial voids ratio, the more conservative 
ultimate is little affected, and approxi­
mately equals that of the loose condition. 

The second characteristic difference is 
shown by the volume changes in Figure 
Ic, which accompany shearing deforma­
tions in the dense and loose states at 
the maximum stress condition. In the 
loose state the volume decreases and the 
mass of grains tends to assume a more 
dense state during shearing. In the dense 

state there is a slight initial volume de­
crease after which a marked expansion 
or loosening up of the dense structure 
occurs at the maximum stress. 

The third characteristic difference is 
the effect of density on the angle of fric-

DmstSMt 

/oostJMt 

Mvmo/f^iiure 

•0.01 O.I az *OJOI ~ 
m)ntonhlOtfomotidn.in. UrtKotSMn-i^ 

(aiJtimiimeJTi«33-/ib/r/mfmLOirwnimo»i/b^un^ 

1 1 

/lpi>/itaNoanam-a3aure-fcg.f)VS9-cm. 
(b) FeuiTioNBETWUNNoitMM f^csaiutc 

/iNO MexiMun Stie/i/fwa ST/KHSTH 
-i-oat 

• 

0 
ft' *. 

tnse 
fso' ^ 

s 

Oanst 

xpomioiT r 

looi m 
^ o 

/Ipp/itdNormaf /^3aurt-/rg./>*r3q.cm. 
Co) kbi UMC-CHANBe /tet/moMS ftrHmnMuM 

Figure 1. Shearing Characteristics of Standard 
Ottawa Sand, 20-30 Mesh 

tion. Failure of masses of loose grains 
such as soils in shearing depends upon 
the internal frictional resistance to dis­
placement of the grains that can be de­
veloped. In order to determine the angle 
of friction,^ i t is necessary to establish 
the relation between the applied normal 
pressure and the maximum shearing 
strength of the material as shown in 
Figure l b for Ottawa sand. This relation 
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may be expressed by Coulomb's simple 
equation for cohesionless soils— 

S = P N tan< »̂ 1 
where 

S is the maximum shearing strength, 
PN is the effective normal pressure, 

is the angle of friction based on effec­
tive pressures. 

The average values of the angle of fric­
tion for Ottawa sand in the loose and 
dense states obtained by direct-shear 
tests are as follows: 

Loose Dense 
Angle of friction—« 33° 30' 43° 30' 
Voids ratio—e 0.66 0.49 

For materials which show a character­
istic dropping off of shearing strength 
after the maximum is reached, design 
based on the maximum value may be 
decidedly on the unsafe side, while for 
designs based on the more conservative 
ultimate shearing strength, which ap­
proximately equals the loose maximum, 
the shearing strength can not drop below 
the ultimate, if progressive failure is 
initiated in some critical zone. 

I t is important in applying the results 
to practical problems to consider the 
volume-change relations at maximum 
stress as shown in Fig. Ic. In dealing 
with large masses of cohesionless soils 
in nature the time required for the vol­
ume-change adjustments to take place 
during shearing is very much longer 
than usual. Casagrande (1) (2) (3) has 
demonstrated that under such conditions 
a large mass of even sandy soil in a loose 
state may behave temporarily as rela­
tively impermeable and hence may fail 
by a sudden flow failure as a result of 
sudden disturbance. A tendency toward 
volume decrease in the loose state during 
shearing would induce positive excess 
hydrostatic or neutral stresses in the pore 
water and only a part of the weight of 
the mass of soil would be effective in 

mobilizing shearing strength, in which 
case the shearing strength might be sud­
denly reduced to a very low value. On 
the other hand a tendency for volume 
expansion in the dense state during 
shearing would induce negative stresses, 
thereby making the effective stresses 
temporarily greater than the external 
stresses and giving the soil temporary 
additional strength during a disturbance. 

The critical density has been defined 
by Casagrande (1) (2) (3) as the bound­
ary region between the voids ratios in 
which volume decrease and volume ex­
pansion occur during shearing. I t has 
been shown that the critical voids ratio 
is not a constant value, but decreases with 
increase in the applied stresses. The 
critical voids ratio is derived from the 
volume conditions at maximum stress, 
which, for the critical state is equal to 
the initial voids ratio. 

There are many difficulties in accu­
rately determining the critical density 
by means' of direct-shear tests, because 
of the secondary effects, and because the 
stress conditions in the material during 
shearing are not definitely known. The 
most satisfactory method so far devised 
is the tri-axial compression test for co­
hesionless soils developed by Casagrande 
(2) (3). However by analyzing the re­
sults of the direct-shear tests on Ottawa 
sand an approximate relation is obtained 
in Figure 2a, similar to that developed 
by Casagrande (2) (3), giving the rela­
tion between the voids ratio at the start 
of the test, the volume-changes during 
the test, and, in this case, the applied 
normal stress, which is constant for each 
test. Each point on the line of zero 
volume-change represents a critical voids 
ratio, and the corresponding effective 
value, which the normal stress can as­
sume during a flow failure, if such a con­
dition could somehow develop within a 
large mass of saturated cohesionless soil 
as a result of a sudden disturbance. 
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A curve representing tlic relation be­
tween the critical voids ratio and maxi­
mum effective shearing strength for the 
flow failure condition for Ottawa sand is 
obtained from Fig. 2a by substituting 
shearing strength from the relation— 
S=pNtan0 [or S= (l-j-sin^) tan 
where the minor principal stress is used] 
as plotted in Fig. 2b. The curve is con­
veniently graduated for relative density 
in terms of the limiting loose and dense 
states. 

Relative density = xlOO 
GL—eD 

in percent 2. 
This curve represents the effective values 
the shearing strength can assume for 
each voids ratio or relative density for a 
critical condition during a flow failure. 
This curve has the appearance and many 
of the characteristics of the pressure-
voids ratio for compression of the mate­
rial, but is steeper because of the volume-
change adjustments during shearing. 

These relations arc important because 
the finer-grained the material is, the 
greater is the p^obability that i t has been 
deposited above the critical voids ratio. 
-Casagrande (3) points out that nature 
deposits such materials almost without 
exception above the critical voids ratio. 
The failure of such deposits under heavy 
embankment loads depends on whether 
a flow failure condition can somehow 
develop, a sudden disturbance or a large 
foundation settlement playing the im­
portant role. 

For embankments the Franklin Falls 
field compaction tests (10) (3) have 
demonstrated that there is no difficulty 
in obtaining densities greater than the 
critical density in cohesionless soils, even 
in the most heavily loaded portions of 
embankments of moderate height, by 
means of compaction equipment now 
used. Foundation materials of very loose 
character at Franklin Falls dam have 
recently been compacted successfully by 
means of explosives over a large area. 

The shearing strength of a well com­
pacted mass can not be reduced by a 
sudden disturbance, but rather the soil 
mass will tend to have a greater shearing 
strength under such conditions, which 
increases the margin of safety against 
many of the uncertainties, particularly 
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Figure 2. Approximate Critical Density 
Relations for Standard Ottawa Sand 

as to the true stress conditions in an 
earth embankment about which little is 
actually known. On the other hand flat­
tening the slopes, which is the usual 
method resorted to, does not necessarily 
mean increased safety for the embank­
ment. 

COHESIVE SOILS—^REMOLDED 

In cohesive clayey soils and in very 
fine, relatively impermeable cohesionless 
silts, the problem of determining the 
shearing characteristics is more compli-
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cated. The consolidation characteristics 
of the material must be known before one 
can analyze a situation and attempt an 
estimate of the limits within which the 
percentage of the total applied stresses 
that are effective in mobilizing shearing 
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Figure 3. Shearing Characteristics of 
Remolded Detroit Clay 

strength may lie. • The permeability of 
these materials is so low that at ordinary 
rates of shearing the volume-change ad­
justments and full development of effec­
tive stresses can not take place. Hence a 
considerable proportion of the total stress 
may be carried by neutral stress in the 
pore water. 

The results of direct-shear tests on 
remolded materials, for which conditions 

can be fairly well controlled, give us some 
clues on the behavior characteristics in 
the undisturbed state. The consolidation 
characteristics of a Detroit clay are 
shown in Fig. 3a by a typical primary 
loading curve—A, which represents a 
natural state of consolidation. Specimens 
of remolded clay at the liquid limit were 
completely consolidated under a series of 
normal pressures, which increased to the 
desired ultimate value for the shearing 
test with complete consolidation between 
each load increment, as in the regular 
consolidation test. I t was found that 
if any other procedure was followed in 
pre-consolidating the specimens, the 
curves differed from those in a natural 
state of consolidation. For the unloading 
branch—B, representing a state of over-
consolidation, all specimens in this series 
were completely consolidated under 4 kg. 
per sq. cm. and then the pressure was 
reduced in increments with complete ex­
pansion between each to the desired 
normal pressure for the. shearing test. 

The relation between the maximum 
shearing strength and the-applied normal 
pressure, which gives the shearing char­
acteristics of the material, is shown in 
Fig. 3b. The primary loading curve—A, 
in which the sample is sheared under 
the same normal pressure to which i t 
was pre-consolidated, is a straight line 
through the origin. This means that a 
cohesive plastic remolded soil in a natural 
state of consolidation starting from the 
liquid limit, behaves essentially the same 
as a cohesionless material and therefore 
Coulomb's simple law expressed by Eq. 1 
for cohesionless materials applies. In the 
slow shear test of about 24 hours dura­
tion, curve—A, the total applied normal 
stresses are effective stresses in mobiliz­
ing shearing strength, giving an angle of 
friction of 28° 40' for the Detroit clay. 

The curve of volume-change adjust­
ments at maximum shearing strength in 
Figure 3c shows that for the primary 
loading curve, additional consolidation 
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takes place during shearing under all 
normal pressures. In the slow shear test 
the volume-change requirements in shear 
are satisfied and effective stresses are 
fully developed. In a rapid shear test, 
excess hydrostatic or neutral stresses 
would be induced in the pore water by 
the tendency for consolidation, which 
could not be dissipated during the shear­
ing test by the escape of water, and there-

which lies on the equilibrium consolida­
tion-shear curve—CS. A corresponding 
point—S is found on curve—A of Figure 
3b for the slow shear test, which gives the 
maximum shearing strength for the given 
normal pressure—pj. This point lies on 
the curve defining the true angle of 
friction. 

Consider for a moment the conditions 
in the soil during shearing if no drainage 

T A B L E 1 

DETROIT CLAT 

Sample—p-1 
Remolded and tested at the liquid limit. 

Liquid limit 30.0 
Plasticity index 17.0 
Specific gravity 2.70 

CONSOLIDATION CHARACTERISTICS 

Initial voids ratio at start of test, e« 030 
Voids ratio at pressure, p' of one kg. per sq. cm., eo 0.57 
Compression index, (slope of semi-log curve), cv 0.059 
Coeff. of consolidation, ( i to 1 kg.), ce 0.015 cm.'/min. 
Coefif. of compressibility, ( i to 1 kg.), ca 0.28 1/kg. per sq. cm. 
Coeff. of permeability, ( i to 1 kg.), k 8.0 X lO"" cm./min. 

SHEARING CHARACTDRISTICB ' 
Shear strength 

' Angle of friction kg. per sq. cm. 
Primary loading curve—A * 28° 40' 
Unloading curve—B *u 22° 40' p# = 0 0.25 
Zero drainage, curve—ilo estimated <t>'o 18° 40* Cohesion 0J5O 
Zero drainage, curve—AT Mohr's stress circles 0'r 14° 00' 

fore applied stresses would not be effec­
tive stresses. 

By applying the ultimate volume-
change adjustments for the slow shear 
test of Figure 3c to the primary loading 
branch of the consolidation curve—A of 
Figure 3a, an equilibrium consolidation-
shear curve—CS is obtained for which 
applied total normal stresses are effective 
stresses. At point—2 on the primary con­
solidation curve—A of Figure 3a the ma­
terial is initially fully consolidated under 
the given normal pressure—pa. When the 
shearing stress is increased to the maxi­
mum value in a slow shear test, further 
consolidation takes place to point—S, 

is permitted, that is, i f the specimen is 
sealed. There are difficulties in obtaining 
the curve for the angle of friction for 
zero volume-change by the usual quick 
shear test-method, because, if i t is run 
too rapidly, viscous effects make the re­
sults too high; and if run too slowly, some 
consolidation takes place, and the results 
are again too high. The direct-shear test 
method also gives results too high as com­
pared with those of the tri-axial com­
pression test, because of differences in the 
way the material reacts under test con­
ditions. The material was initially con­
solidated at point—S under the normal 
pressure—p .̂ When the shearing stress 
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is increased gradually in a test where 
drainage is prevented, there is still the 
tendency for volume decrease, which is 
now restricted. Therefore excess hydro­
static or neutral stresses are induced in 
the pore water, which now carry part 
of the original pre-consolidated pres­
sure—Pi- The normal pressure is no 
longer effective either as a consolida­
tion pressure or in mobilizing shearing 
strength. Since the effective pressure on 
the grain structure of the soil is reduced, 
the voids ratio tends to adjust itself to 
the smaller pressure by expanding along 
the flat expansion curve dotted through 
point—2. But this expansion is also re­
stricted, because the sample is sealed. 
The tendency does have the effect, how­
ever, of reducing the magnitude of the 
neutral stress in the pore water, and the 
equilibrium conditions are shifted back 
somewhat. Under these conditions the 
material has tended both to expand and 
consolidate along the horizontal line from 
point—2 toward point—1, which, at the 
maximum shearing strength, is possibly 
located on the equilibrium CS curve. I f 
this conclusion is substantially correct, 
the two points—1 and 2 would be inter­
related in such a way that they also 
represent the conditions, 1 when effective 
stresses are considered, and 2 when 
total stresses are considered under con­
ditions of zero drainage. A correspond­
ing point—1 is obtained on curve—A 
in Figure 3b from the slow shear test in 
which the pressure—pi was the effective 
normal pressure throughout the test, 
as well as at the maximum shearing 
strength. A point—;8 on a curve—Ao, de­
fined by the intersection of a vertical 
line through point—;8 of Figure 3a and a 
horizontal line through point—1 of Fig­
ure 3b, would represent the conditions 
for zero drainage, in which the pres­
sure—pi is the effective stress, and the 
pressure—pa is the total stress. Corre­
sponding points for other horizontal lines 
in Figure 3a fall approximately on 

curve—A„. The relations depend on how 
accurately the original consolidation 
curve and the equilibrium consolidation-
shear curve—CS were determined. I f 
these conclusions are substantially cor­
rect, the pressure—pi, corresponding to 
pressure—pi, as defined by a horizontal 
line cutting the two curves, may be con­
sidered to be the equivalent effective 
pressure acting at the time of maximum 
shearing stress during the test without 
drainage. The pressure—pi is the total 
pressure and the neutral stress—u = (pi 
—Pi). The shearing strength for the two 
points becomes— 

S=Pi tan ^=p2 tan 0o'= iPi—u) tan<^ 

where <̂  is the value of the angle of fric­
tion—28° 40', obtained by the slow shear 
test, and 4>o' is the apparent angle of 
friction for zero drainage, 18° 40*. 

The value of the apparent angle of fric­
tion—^'o, obtained by direct-shear test 
methods is greater than the theoretical 
value of 14° 0' obtained by consideration 
of total and effective stresses in the t r i -
axial compression test, which is about 
half of the true angle of friction. This is 
due to the essential difference in the way 
the soil reacts to the conditions which 
obtain in the direct-shear and the t r i -
axial compression tests. The Mohr stress 
circles for the direct-shear test intersect, 
while in the tri-axial compression test 
they are theoretically tangent to each 
other, but actually separated slightly, 
which is a phenomena resulting from the 
lateral bulging effects under vertical 
loading during the test. 

I t therefore appears that the direct-
shear test, for the case of zero drainage, 
is influenced by inherent secondary ef­
fects which does not permit accurate de­
termination of the angle of friction or of 
effective stresses. But for the slow 
shear and complete drainage and volume-
change adjustments during shearing the 
angle of friction should be in substantial 
agreement with the true angle of friction 
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obtained by the tri-axial compression 
test. 

Theoretical considerations of the t r i -
axial compression test, however provide 
a means of estimating the approximate 
percentage of the total applied stresses, 
which are effective in mobilizing shearing 
strength for the extreme case of zero 
drainage as a limiting condition, as i l ­
lustrated by the Mohr stress circles in 
Fig. 3b. Such a condition is almost sure 
to obtain in a large mass of very im­
permeable clay, where drainage and con­
solidation under a superimposed load 
takes place with extreme slowness. 

Considering the behavior character­
istics of the material in a state of over-
consolidation, the unloading curve—B in 
Figure 3b for shearing strength vs. 
normal pressure is characteristic just as 
the unloading or expansion curve—B of 
Figure 3a is characteristic for consolida­
tion, representing a part of the hysteresis 
loop of the loading cycle. Curve—B is 
considerably flatter than the primary 
loading branch, but is linear over much 
of its length, giving an angle of fric­
tion <̂a for the state of overconsolidation 
of 22° 40'. Under tlic ligiiter normal 
pressures it curves downward and inter­
sects the shearing strength axis at a 
positive value for p.v equal to zero of 0.5. 
I t has been the usual practice to con­
sider the intercept for the linear portion 
of the curve produced to intersection with 
the vertical axis as the cohesion. The 
particular value of the cohesion obtained 
depends first of all upon the maximum 
pressure to which the material has been 
pre-consolidated, and second on the mois­
ture content at the particular stage of 
unloading as defined by the expansion 
curve for the consolidation test. This 
so-called cohesion represents a residual 
shearing resistance that remains from the 
maximum direct loading. I t is apparent 
that cohesion is merely a phenomena of 
the hysteresis effect of a loading and un­
loading cycle. The values of cohesion 
and angle of friction so obtained are not 

soil constants, but vary widely with the 
method of testing and the consolidation 
characteristics of the material. This is 
one of the most controversial and least 
understood matters in soil mechanics. 

An examination of the volume-change 
relations in Figure 3c for maximum 
shearing strength show that in a state of 
overconsolidation the compression dur­
ing shearing decreases with a decrease in 
the normal pressure until a critical con­
dition or voids ratio is reached at which 
the volume-change is zero. For still 
lighter normal pressures a considerable 
volume expansion or swelling occurs, as 
might be expected from unloading phe­
nomena. In a slow shear test these 
volume-changes have time to take place 
and the sample absorbs water, where 
expansion occurs. But in a rapid test 
negative hydrostatic stresses are induced, 
and tension in the water now contri­
butes to the shearing strength of the soil 
by temporarily increasing the effective 
stresses above the applied stresses. Hence 
the value of cohesion obtained by means 
of a slow shear test represents the ulti­
mate value that can be counted upon, a 
value which is considerably smaller than 
that for the rapid test. 

In rapid shearing the unloading curve 
—B for the slow shear test is in effect 
rotated about the point of zero volume 
change so that for pressures less than 
the critical value the rapid shear test 
gives values which are too high, and for 
greater pressures gives values which are 
too low. Thus the cohesion is higher and 
the angle of friction is lower than the 
values for the slow shear test. Only for 
the unloading curve obtained by a slow 
shear test are the conditions fully known 
so that Coulomb's more general law can 
be applied— ^ 

S=Cp+pst&n <̂ „ 3. 

where Cp is the cohesion obtained for a 
maximum overconsolidation pressure—p, 
and is defined by the linear portion of 
the unloading curve produced to inter-
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section with the shearing stress axis; 
and <l>u is the angle of friction obtained 
for the unloading cycle. The value of 
the cohesion depends upon the maximum 
pressure to which the sample has been 
consolidated, the overconsolidation pres­
sure and the moisture content, as deter-
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mined by the expansion characteristics 
of the material. The angle of friction 
for the unloading cycle appears to be in­
dependent of the overconsolidation pres­
sure, but does depend upon the consolida­
tion and expansion characteristics of the 
material. 

UNDISTUBBBU) COHESIVE S O I L S — N A T U R A L 
STATE OF CONSOLIDATION 

The consolidation and shearing char­
acteristics of a typical sample of the 

Flushing Meadows, Long Island, soils 
are given in Figure 4. The material in 
the ground was in a natural state of con­
solidation under the weight of the over­
burden. In order to utilize the results 
of the tests we must separate the curves 
of Figure 4 into two parts. From the 
loading cycle relations for remolded ma­
terials in Figure 3 we recognize the first 
portion of the curves of consolidation and 
shear to be the hysteresis loops of the re­
loading cycle. This is a consequence of 
the removal of the sample from the 
ground and the reduction of the natural 
stresses, the pre-consolidation load as 
defined by Casagrande (11), to zero, with 
the accompanying swelling of the mate­
rial. This reloading cycle does not repre­
sent actual condition in the ground, but 
merely the test phenomena. For the 
second part of the curves we observe that 
after the pre-consolidation load has been 
reached the curve becomes tangent to 
and practically coincides with the pri­
mary loading branch of the soil. The 
curve above the pre-consolidation load 
now represents approximately the condi­
tions which actually obtain in the ground. 
I t is characteristic for the primary load­
ing branch—A of the curve in Figure 4b 
for a natural state of consolidation to 
be a straight line passing through the 
origin. Again Coulomb's simple law for 
cohesionless materials as expressed by 
Equation 1 applies. I t is evident that 
only for pressures equal to or greater 
than the pre-consolidation load are test 
conditions representative of natural con­
ditions or of subsequent conditions as the 
material is subjected to foundation or 
embankment loads. 

The volume-change adjustments dur­
ing shearing are given in Figure 4c. 
Applying these to the primary consolida­
tion curve—A of Figure 4a, the equi­
librium consolidation-shear curve—CS 
is obtained for the slow shear test. 
Curve—A' represents the conditions for 
the usual rapid shear test in which ap­
plied stresses are not effective stresses. 
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Applying the notions of an equivalent 
effective pressure, the horizontal lines in 
Figure 4a and 4b define corresponding 
points—1 and 2, which indicate that for 
the direct-shear test the applied stresses 
were only pi/p^xlOO or 53 per cent ef­
fective in mobilizing shearing strength in 

consolidation load. The results are there­
fore on the safe side and the quick shear 
test or unconfined compression test could 
be used as rapid routine tests to obtain 
information on the shearing strength of 
the material for filling and grading op­
erations in the development of the site 

T A B L E 2 

F L U S H I N Q M E A D O W S S I L T - C L A Y 

Samples—9-4 and 9-5, Bridge C, Horace Harding Boulevard. Flushing Meadows, L . I . 
Liquid limit 100 and 93 
Plasticity index 44 and 42 
Specific gravity 2.73 

CONSOLIDATION CHARACTERISTICS 

Depth of samples 42 ft. and 52 ft. 
Overburden pressure 055 and 0.60 kg. per sq. cm. 
Pre-consolidation load, pe 055 kg. per sq. cm. 
Voids ratio at pre-consolidation load, ee 2.96 
Initial voids ratio at start of test, ei 3.00 
Voids ratio at pressure, p' of one kg. per sq. cm., e» 2.17 
Compression index (slope of semi-log curve), cv 056 
Coeff. of consolidation, H to i kg.), cc 0.0018 cm.' per min. 
Coeff. of compressibility, (i to i kg.), co 1.44 1/kg. per cm.^ 
Coeff. of permeability, (i to i kg.), k 85 X lO"* cm. per min. 

SHEARING CHARACTERISTICS 
Slow shear test 

Angle of 
friction 

Primary loading curve—A 28° 30' 
FiStimated percentage effectiveness of p* 100% 
Shear strength, p« = 0 
Shear strength at pre-consolidation load 

Zero drainage, curve—Ao estimated 15° 40' 

Zero drainage, curve—Ar Mohr's stress circles.. 14° 00' 

Shear 
strength 

kg. per cm.' 

0.098 
0.15 

Rapid shear test 

Angle of 
friction 

« ' 
A' 20° 35' 

67% 

Shear 
strength 

kg. per cm.' 

0.092 
0.12 

percentage effectiveness 
of PK 53 

48.5 

the rai>id shear test. The theoretical per­
centage of effectiveness for zero drainage, 
obtained from Mohr's stress circles is 48. 

The consolidation and shearing char­
acteristics of samples 9-4 and 9-5 are 
given in Table 2. 

For these soils the "quick" shear test 
under zero normal pressure or a simple 
unconfined compression test will provide 
an estimate of the shearing strength of 
the material which is somewhat lower 
than the shearing strength at the prQ-

1$ 

for the World's Fair. However for stable 
slopes and control of deeper subsurface 
lateral movements in the deposit, and 
for estimating lateral pressures, etc., the 
shearing strength depends upon the effec­
tive stresses acting in the soil. Because 
of the very slow rate of consolidation of 
the material and of the thickness of the 
deposit, very little increase in shearing 
strength can be counted upon at deeper 
levels due to the filling and grading of 
the MeadQws. Therefore the increased 
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pressures are not effective in mobilizing 
shearing strength. The conditions are 
approximately given by the Mohr stress 
circles in Figure 4b, and the original 
overburden pressure is only approxi­
mately 48 percent effective. 
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Figure 5. Shearing Characteristics of Passaic 
Valley Glacial Clay 

UNDISTURBED COHESIVE S O I L S — S T A T E OF 
OVERCONSOLIDATION 

A different condition is observed in a 
clay deposit, which is in a natural state 
of overconsolidaiton. Quite frequently a 
clay deposit has been subjected to a 
greater overburden pressure sometime in 
its geologic history than now exists, for 
example when a part of the overburden 
has been removed by erosion. Such a 
condition is illustrated in Figure 5 for a 
glacial clay from the Passaic River Val­
ley, N . J. The consolidation and shear­
ing characteristics are given in Table 3. 

In this case we are operating on a re­
loading branch of the curve—R, and con­
ditions approximate those in the natural 
state for pressures equal to the over­
burden pressure and for pressures greater 
than the overburden pressure due to 
subsequent loadings from proposed struc­
tures. In this case the shearing strength 
can be expressed by Equation 2—^5=0.28 
+pjf tan 14° 40', where pn represents the 
total normal stress in this case for a 
fairly rapid shearing test. This relation 
is only applicable, however, for pres­
sures greater than the overburden pres­
sure and less than the pre-consolidation 
load, and further provided that the 
percentage effectiveness of the applied 
stresses are the same; which means that 
very little is known about the shearing 
strength in this case, because only a 
rapid shearing test was made. 

A R T I F I C I A L L Y COMPACTED C O H E S I V E SOILS 

The consolidation and shearing char­
acteristics of a cohesive soil, compacted 
by the standard Proctor method of com­
paction are given in Table 4 and shown 
in Figure 6. For pressures less than one 
kilogram per sq. cm. the material tends 
to expand during shearing and hence in 
a rapid test the effective pressures and 
the shearing strength are temporarily in­
creased. For pressures greater than this 
the material tends to compress during 
shearing and part of the applied normal 
stresses are not effective but carried by 
neutral stress in the pore water. An arti­
ficially compacted soil is subjected to 
internal capillary pressures. 'These in­
ternal capillary pressures and the original 
equivalent compacting pressure produce 
a state similar to that of overconsolida­
tion under an equivalent compacting 
maximum pressure. In an earth dam the 
portion of the initial shearing strength 
contributed by the internal capillary 
pressures will ultimately be reduced to 
zero by complete saturation when the 
entrapped air passes into solution. There-
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T A B L E 3 
G L A C I A L C L A Y , P A S S A I C V A L L E Y , N . J . 

Sample—5-b. Varved clay with silt partings. 

Liquid limit 53£ 
Plasticity index 2iS 
Specific gravity 2.70 

CONSOLIDATION C H A R A C T E R I S T I C S 

Depth of sample 40 ft. 
Overburden pressure 1.40 kg. per sq. cm. 
Voids ratio at overburden pressure 1.125 
Pre-consolidation load, pc 5.0 kg. per sq. cm. 
Voids ratio at pre-consolidation load, eo 105 
Initial voids ratio at start of test, et 1.20 
Voids ratio at pressure, p' of one kg. per sq. cm., co 132 
Compression index (slope of semi-log curve), co 0.17 
Coeff. of consolidation, (1 to 2 kg.), cc 0.045 cm.' per min. 
Coeff. of compressibility, (1 to 2 kg.), ca 0.036 1/kg. per cm.^ 
Coeff. of permeability, (1 to 2 kg.), k 3.6 X 10"" cm. per min. 

S H E A R I N G C H A R A C T E R I S T I C S 
Rapid test. 
Primary loading curve, produced—A 4>' 20° 30'̂  
Reloading curve, R 0«' 14° 40' 
Shear strength, p» = 0 0.28 kg. per cm.' 
Shear strength at overburden 0.75 kg. per cm.' 

T A B L E 4 

C O H E S I V E E M B A N K M E N T M A T E R I A L 

Sample—Test pit sample, No. 8. Passaic River Valley, N. J . 
Liquid limit 20S 
Plasticity index 17S 
Specific gravity 2.70 

Maximum density. Proctor compaction test 125.6 lb. per cu. ft. 
Optimum moisture content, wa 11.6 percent. 
Samples tested at 110 percent of optimum and compacted to standard degree. 

CONSOLIDATION C H A R A C T E R I S T I C S 

Initial voids ratio, at start of test, ei 0543 
Voids ratio at pressure, p' of one kg. per sq. cm., ev 0508 
Compression index, (slope of semi-log curve), cv 0.014 
Coeff. of consolidation, ( i to 1 kg.), ce 0.25 cm.' per min. 
Coeff. of compressibility, ( i to 1 kg.), co y.. 0.022 1/kg. per cm.* 
Coeff. of permeability, ( i to 1 kg.), k 7.0 X 10-" cm. per min. 

S H E A R I N G C H A R A C T E R I S T I C S 

Slow shear test. 
Angle of friction 39° 30' 
Cohesion 0J55 kg. per sq. cm. 
Shear strength at p« 0.40 kg. per sq. cm. 
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fore i t is on the unsafe side to count upon 
the cohesion supplied by internal capil­
lary pressures as permanently contrib­
uting to the stability of the structure. 
Casagrandc (3) has emphasized that in 
stability analyses of earth dams only the 
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shearing strength which can be counted 
upon for certainty after a number of 
years should be used, namely the shear­
ing strength mobilized by permanently 
effective stresses due to the weight of the 
earth in the structure, which will allow 
the true cohesion existing after a number 
of years to provide an additional factor 
of safety against some of the uncertain­

ties inherent in design. This means an 
attempt must be made to estimate the 
percentages of the total pressures due to 
the weight of the material itself, that are 
effective in mobilizing shearing resistance 
for certain most dangerous conditions. 

1. Upstream and downstream slopes. 
During and just subsequent to 
conipletion of the structure be­
fore the interior portions have 
reached complete consolidation 
and equilibrium under the weight 
of the overlying earth. 

2. The upstream slope during a rapid 
drawdown. 

3. The downstream slope under seep­
age forces. 

4. The foundations, when the most 
dangerous sliding curve passes 
into a weaker underlying layer 
of material, and this material has 
not completely consolidated and 
come to equilibrium under the 
weight of the structure. 

The greatest uncertainties at the pres­
ent time in the design of earth structures 
arc due to the lack of accurate knowl­
edge, on the true stress distribution in the 
embankment itself and how these stresses 
change with time; on the stresses induced 
in the foundations, and how they are 
affected by the subsurface conditions; 
and how the embankment and the found­
ations adjust themselves to these stresses 
by settlements and lateral movements. 
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