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The objective of this study was to determine the influence of density, 
gradation, consolidation stress level, and load history on th.e coeffi
cient of earth pressure at rest. A consolidation apparatus is de
scribed that permits gradual load application at a desired rate of 
loading, while vertical and lateral stresses are simultaneously ob
served under the condition of no lateral yielding. The friction loads 
inherent in the normal consolidation testing were also observed and 
their magnitude is reported to be higher for loose and finer grain 
soils than for the dense and coarser grain soils. 

Four granular soil specimens were tested in loose, medium com
pact and compact states. The results clearly demonstrate that the 
coefficient of earth pressure at rest is less for the dense state than 
for the loose state and that it decreases with higher consolidation 
stress levels. The influence of gradation is also apparent from the 
results, but it is less pronounced, Approximate values of Poisson's 
ratio were computed on the bases of the zero lateral strain condition 
which exists in consolidation and the associated ratio of the vertical 
and lateral stress. 

The stress history studies, simulated by performing a number 
of unload and reload cycles demonstrated the "locked-in" or residual 
stress phenomenon which is associated with consolidation of soils 
subjected in their load history to unloading and reloading cycles. 
These studies point out the importance of considering the stress 
conditioning of soils that may be caused by rolling of embankments 
or pavement layers. Reproducing this state of stress as an initial 
test condition is considered essential in any significant testing of 
pavement or embankment materials. 

•RESEARCH work on determining the lateral pressures associated with the consolida
tion of granular soils dates back to Terzaghi's experiment (1) in 1920. Later investi
gations were performed by Kjellman (2) in 1936, Bayliss (3)-in 1948, and by Tschebo
tarioff and Welch (4) in 1948. More recently Bishop and Henkel (5), Hendron (6), Stoll 
(7), and Brooker and Ireland (8) have made significant contributions describing- the 
phenomenon. -

The study reported here is based on a laboratory investigation of four granular soils 
of different gradations. The objective was to examine the relation between the vertical 
stresses and the lateral stresses associated with consolidation of granular soils. The 
term "consolidation" is used to describe one-dimensional compression under the char
acteristic condition of zero lateral strains. The ratio of the lateral to vertical stress 
is termed the "coefficient of earth pressure at rest, K0 ." These investigations re
vealed the influence of gradation, relative density, vertical stress level, and loading 
history on the Ko· 
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Figure 1. Split consolidation ring with the two 
sensing strain gages, the friction load ring, and 

bottom plate. 

EQUIPMENT 

To satisfy the essential and character
istic consolidation condition of zero lateral 
displacement and to be able to measure the 
lateral earth pressures developed simul
taneously during gradual application of 
vertical load to the granular specimen, a 
special device was constructed consisting 
of a rigid split consolidation ring and 
frame, The two halves of the ring had 
temperature compensated strain gages 
mounted across the diametrically opposite 
gaps (0,001 in.) as shown in Figure 1. 
These dynamomete1·s were used marely 
to detect small lateral movements in the 
gaps. 

To sense the lateral loads, two calibrated proving rings were mounted on a cross 
beam and their reactions were transferred through two spherical bearings positioned 
at the mid-height of the consolidation ring as shown in Figures 2 and 3. 

Any lateral load exerted by the soil placed in the consolidation ring could be balanced 
by the manually operated fine screw threads against the proving rings. Thus, the 
lateral load rea~tions across the two halves of the consolidation ring could be deter
mined from 1/10, 000 Ames dial readings in exact response to sensing shown by the 
gages mounted across the gaps of the ring. In this manner, the lateral pressures 
were measured independently and the essential requirement of zero lateral displace
ments was reasonably satisfied. 

FRICTION LOADS MEASUREMENTS 

It was realized that side-wall friction forces mobilized on the ring by the consoli
dating soil could produce significant errors in determining the vertical loads applied 
to the specimen. Therefore, the friction forces were measured by a split-ring dyna
mometer which is placed under the consolidation ring (Figs. 1 and 2 ). 

For a test, the bottom plate (foreground, Fig. 1) was placed on the loading fram e. 
The friction measuring ring was then placed over it, and the consolidation ring was 
placed on top of the friction ring. The bottom plate extended through the split-ring 
dynamometer 3 mm into the lateral force measuring ring. The gap between the circum
ference of the consolidation ring and the bottom plate was sealed with a thread to pre
vent jamming of the gap. Finally, the soil was placed into the consolidation ring and 
a 200-gm circular loading plate was seated on top of the specimen. As the vertical 
load was gradually applied, the screws in the lateral force measuring ring were 

Figure 2. Calibrated load rings and the friction 
load ring in place. 

Figure 3. Consolidation apparatus before place
ment under the loading yoke. 
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continuously adjusted to maintain zero lateral movement of the specimen; at the same 
time, the change in the gap opening (measured by the dynamometers) of the friction 
measuring split ring indicated the vertical side-wall friction. 

SAMPLE PREPARATION 

The sample was prepared in a manner designed to prevent segregation. For a dense 
state, two built-up layers were utilized and each was lightly and uniformly compacted 
by a vibrotool equipped with a 11/4-in. diameter foot. Intermediate densities were at
tained using uniformly distributed light rodding on each loosely placed layer. 

After placement of the soil, the surface was screeded level with the top of the con
solidation ring and the top plate was centered on the surface of the soil. Then for higher 
relative densities, the vibrotool was applied lightly at the center of the top plate for 
seating purposes. On loosely placed soils, the top plate was given a half turn to ac
complish seating. From the known initial volume of the consolidation ring and weight 
of the soil, the unit weight and, thus, the initial relative density was obtained. The 
reference zero and 100 percent relative densities were obtained, respectively, by the 
placement of dry soil through a funnel or by using vibratory process ~). 

LOADING SCHEME 

The consolidation device was centered beneath a loading yoke which applied any de
sired load increment through a cowiterbalanced deadweight level system (4 to O ratio). 
Vertical load was applied by releasing predetermined increments of lead shots from a 
storage fwinel into a previously zero load balanced container with a funneled bottom. 
Unloading in any desired increments was accomplished by releasing lead shots through 
a bottom valve in the container. When the preset weight was reached, the valve was 
closed by a trip mechanism that was attached to a weighing scale. After closure, the 

Figure 4. Experimenta I setup: (a) strain indica
tors, (b) conso lidati on apparatus with loading 

machine, (c) lead shots for gradual load 
application. 

exact weight of the removed shots was de
termined. The vertical compressions or 
expansions of the soil specimen for each 
stress increment or decrement were mea
sured by a centered 0.0001-in. division 
dial. Lateral strain was continually ad
justed to zero by means of the two adjusting 
screws whenever the two strain indicators 
showed any movement in the gaps. The 
friction load was recorded by a third strain 
indicator. Figure 4 shows the setup of the 
consolidation apparatus and measuring 
devices. 

TESTING PROCEDURE 

Each increment of vertical load was 
applied at a rate of 0.8 ton/min. Five 
minutes were allowed to elapse after each 
load increment in order for the specimen 
to reach equilibrium. In general more 
than 95 percent of ulitmate compression 
was obtained in the allotted time interval 
for each increment. 

The following loading sequence was used 
for each specimen: 1/40, 1/io, ¼, 1,,{i, 1, 2, 
3, 4, 5, 6, 7, 8, 9, and 10 tons/s. f. Un
loading was accomplished in the reverse 
sequence witil 1,,~-ton/s. f. load intensity 
was reached. Then, this load was com
pletely removed. 
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Figure 5. Grain size distribution curves and gradation characteristics of the soils. 

To determine the influence of the load history, a series of cyclic loading-unloading
reloading tests was also performed using the previously described loading sequence to 
the selected stress levels followed by unloading to about one-third or one-fourth of any 
selected stress intensity, and then repeating this process at the next higher selected 
stress level. 

For each load increment, the lateral pressure was measured by the load balancing 
procedures on the basis of the lateral strain-sensing gages. At the same time the side
wall friction load was measured by the friction gages, and the vertical compression of 
the specimen was observed. 

MA TERIAI.S TESTED 

Four granular soils were selected for study. Their gradations are described in de
tail in Figure 5 using Burmister's concepts (9, 10). These soils can be identified as 
coarse sand, coarse to medium sand, coarse- tofine sand, and fine sand. These typical 
natural granular soils permitted evaluation of the influence of the gradation character
istics on the lateral earth pressure at rest. 
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Because the K0 varies with relative density, DR, the soil specimens were prepared 
in three states of compactness. The loose state relative density ranged from 1. 7 to 
9. 7 percent; the dense state, from 77.0 to 87.4. One intermediate relative density of 
61, l percent was also used, but only for the coarse sand material. 

EVALUATION OF FRICTION LOADS 

Since movement between the side wall of the consolidation ring and the soil is greatest 
at the top of the specimen, the side-wall friction is expected to be greatest at the top 
and decrease with depth to zero at the bottom of the specimen. Because of presence of 
variable friction loads, average net vertical load was assumed to be the total applied 
vertical load minus one-;half of the observed maximum friction load. 

The results of the friction load measurements are shown in Figure 6. The friction 
load buildup during the process of consolidation is plotted for the three soils and rela
tive density indicated for each test. The following deductions can be made : 

1. Friction loads are higher for lower relative densities, the result of higher as
sociated lateral stresses and higher strains for the loosely placed specimen. 

2. Finer soils produce considerably higher friction loads than the coarser soils. 
3. The rate of increase in friction loads is relatively higher for low-intensity con

solidation stress levels. 

LATERAL STRESSES 

Nineteen consolidation tests were made in the special consolidation apparatus. As 
the vertical load was gradually applied in increments, the lateral loads exerted on the 
consolidation ring were measured under the condition of near zero lateral movements. 
Simultaneously, the vertical friction forces were measured. The results of these tests 
are shown in Figures 7, 8, and 9 in form of the relationship of the horizontal to vertical 
stress ratio, Ko, versus the consolidation stress level. Each curve corresponds to a 
particular initial relative density. 

The following observations can be made regarding the trends and characteristics of 
these curves: 

1. The influences of initial placement relative density on the coefficient of earth 
pressure at rest are the most pronounced. For all soils, the value of Ka is higher for 
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Figure 7. Relations between K0 values and the 
consolidation stress level for coarse sand. 
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TABLE 1 

AVERAGE K0 VALUES 

K0 Values 
Consolidation 
Stress Level 

Fine Sand Coarse Sand C-F Sand, 
Trace Silt 

loose 0.49 0. 44 0.48 
0. 5 tsf 

dense 0.34 0.37 0.36 

loose 0.44 0.42 0.47 
1.0 tsf 

dense 0.33 0.36 0.35 

loose 0.34 0.37 0.41 
2. 0 tsf 

dense 0. 31 0.34 0.34 

the loose than for the dense state of compact
ness over the full range of the vertical stresses. 
Intermediate relative densities result in inter
mediate K O values as shown by the results of 
the test performed on a specimen of coarse sand 
placed in medium compact state (Fig. 7). 

2. The value of K 0 decreases with increase 
in the vertical stress level, with a tendency to 
become asymptotic to a constant value. 

3. The gradients of K 0 are greatest in the loose relative density state for vertical 
stress levels less than 3 tons/s. f. 

4. The decrease in Ko value with increased consolidation stress level, which cor
responds to a deeper depth of overburden, is consistent with the K O trend discussed 
under item 1 for loose and dense states because the density of the soil increases with 
increasing stress level. 

5. The influences of gradation are also evident, but less pronounced. The test 
results on coarse sand (Fig. 7) indicate noticeably smaller K 0 values than any other 
soil for the loose state under low consolidation stress levels. Under higher consolida
tion stress levels, K 0 values for coarse sand are comparable to those of coarse to fine 
sand, trace silt (Fig. 8). The results for the fine sand (Fig. 9) exhibit the greatest 
variation in Ko values with the increasing stress level for both loose and dense states 
of compactness. The K 0 values for the coarse to fine sand, trace silt, in tl1e loose 
state under low consolidation stress levels (below 2 tons/s. f.) are about the same as 
those for fine sand. For higher stress levels in loose state, the coarse to fine sand, 

TABLE 2 

AVERAGE POISSON'S RATIO VALUES 

Consolidation 
Stress Level 
and Density 

loose 
o. 5 tsf 

dense 

loose 
1. 0 tsf 

dense 

loose 
2. 0 tsf 

dense 

Poisson's Ratio 

Fine Sand Coarse Sand 

0. 33 0.31 

0.26 0.27 

0.31 0.29 

0.25 0.26 

0.25 0.27 

0.24 0.25 

C-F Sand, 
Trace Silt 

0. 33 

0.26 

0. 32 

0.26 

0.29 

0.25 

trace silt, performs more like coarse 
sand. In the dense state the K 0 
values for the coarse to fine sand, 
trace silt, are near those for coarse 
sand for all stress levels. 

A summary of KO values showing 
the averages for the loose and dense 
relative densities of the three soils 
used is given in Table 1 for 0.5, 1.0, 
and 2.0 tons/s. f. consolidation stress 
levels. 

APPROXIMATE DE TERMINATION 
OF POISSON'S RA TIO 

For the purpose of an approximate 
evaluation of the Poisson's ratio for 



granular soils, the condition of zero lateral strains was used which leads to the 
following relationship : 

where 

ax lateral stress, 
a z = vertical stress, and 

11 Poisson's ratio. 

Solving for II in terms of K
0

, 

II - _!_{_Q_ 
- 1 + K

0 

19 

Poisson's ratio values computed on the basis of average K
0 

values are given in Table 2. 

INFLUENCE OF STRESS HISTORY 

The typical vertical stress-vertical strain and associated lateral stress-vertical 
strain curves for the three granular soils placed in the loose and dense states are shown 
in Figure 10 for the loading and final unloading cycles. In connection with the final un
loading curves, for both relative densities the lateral stress at certain vertical stress 
levels becomes and remains much larger than the vertical stress in the range of stresses 
indicated. 

The important influence of stress history and of restricted lateral strains was in
vestigated also by performing special load-unload-reload cycle consolidation tests with 
simultaneous measurements of the lateral stresses. 

Figure 11 shows vertical stress-vertical strain loading cycles with the associated 
lateral stress-vertical strain loading cycles for coarse to medium sand placed at 93 
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Figure 10. Vertical stress-vertical strain relations with associated lateral stress-vertical strain 
relations. 
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Figure 11. Consolidation unloading-reloading stress cycles with partial lateral yielding. 

percent relative density. Instead of using proving rings and restricting lateral strains, 
dynamometers were mounted across the gaps of the split consolidation ring. The marked 
smaller back-off of lateral stresses compared with the vertical stress decrements are 
noteworthy and reveal the nature and importance of the stress history. It is also evident 
that lateral stresses in this case are greately influenced by partial yielding and tend to 
be smaller. The final unloading curve again shows that below a certain vertical stress 
level, the lateral stresses exceed the vertical stresses. 

Figure 12 shows similar unloading-reloading stress cycles for coarse to fine sand, 
trace silt, placed at 51.6percent relative density. This test was made using the proving 
rings and the lateral strain sensing gages so that lateral strains were restricted to very 
small values (2 to 3µ,-in.). The influence of the restricted lateral strains is clearly 
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apparent from the shape of the lateral 
stress unload cycles. Essentially, it is 
evident from this test that when lateral 
displacements are not allowed to occur, 
the lateral loads tend to be higher, as ex
pected. However, direct comparison be
tween the fully and partially restricted 
lateral strains cannot be made due to con
siderable differences in relative density 
and soil gradations in the available tests. 

The cyclic pattern of Ko values plotted 
versus consolidation stress levels in 
Figure 13 also demonstrate the influences 
of stress history. K0 values increase 
along the unloading stress cycles and de
crease along the subsequent reloading 
cycle, the Ko values on each loading cycle 
being smaller than those obtained along 
the unloading stress cycles for the same 
vertical stress level. 

Figures 12 and 13 clearly demonstrate 
that granular soils subjected to consolida
tion unloading stress cycles are fully cap
able of storing and retaining a significant 
portion of the previously induced or exist
ing lateral stresses. Thus, improved 
bearing and settlement performances can 
be expected for foundations subjected to 

imposed stresses less than the original prestress level at the initiation of the unloading 
cycle. 

APPLlCATIONS 

The results of these studies can be used in soil-structure interaction problems such 
as the evaluation of lateral pressures on unyielding boundaries of retaining walls and 
buried structures. The Poisson's ratio values given in this paper indicate the order of 
magnitude of this material property which is often needed in dealing with evaluation of 
stresses and displacement in connection with the use of layered systems theories. 

The stress history phenomenon has important implications in dealing with soils 
compacted in embankments where stress conditioning may be imposed by rolling. This 
may produce a state of stress similar to overconsolidation with a resultant residual 
stress condition remaining from heavy rolling. It is important to realize that this con
dition markedly improves the stress-strain responses of soils compacted in embank
ments or pavement layers. 

The stress conditioning and prestressing concept is of paramount importance espe
cially in processing granular base courses. This can be done effectively by vibratory 
compaction insofar as accomplishment of fast and efficient densification is concerned, 
but this process must be followed by heavy rolling to accomplish the desirable keying, 
wedging, mechanical bonding and prestressing. Therefore, density alone cannot serve 
as a satisfactory criterion for judgment on adequacy and future performance of bases 
because a very small and practically undetectable change in density could lead to either 
a prestressed (locked) state of the compacted material or an insufficiently stress
conditioned state. 

Since the prestressing results in smaller deflections of bases it is desirable for the 
structural adequacy of a pavement; but this quality cannot be determined by conventional 
density measurements. A deflection or maximum curvature criterion may be a better 
measure of constructional excellence and potential service performances of a pavement 
system. The residual or locked-in stress system investigations are recommended as 
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very desirable objects of future research endeavors since the knowledge concerning 
the magnitude and permanence of the residual stresses produced in pavement structures 
by field equipment is a prerequisite for a significant laboratory testing of pavement 
materials. Only when we introduce this initial stress condition into testing procedures 
can we expect to obtain representative material properties and possible correlation be
tween the actual and predicted responses of pavement systems. 

CONCLUSIONS 

1. The coefficient of earth pressure at rest is greatly influenced by relative density 
condition. Ko is higher for loose than for dense relative density state. 

2. Ko tends to be higher for finer than for coarser soils. 
3. Ko decreases asymptotically with increasing overburden stress or depth. 
4. Stress history of unloading and reloading stress cycles greatly influences the 

magnitude of Ko· The value of K0 is higher on unloading-reloading stress cycles than 
on the primary compression curve and may reach a value greater than one. 

5. The response of granular soils on unloading and reloading establishes the efficacy 
of improving the settlement performances of these soils as a consequence of both verti
cal and associated lateral prestressing. 

6. Granular soils are capable of storing and retaining a certain part of the lateral 
stresses imparted by rolling which improves the performance of pavement systems. 

7. Determination of the magnitude and permanency of the locked-in stresses pro
duced by rolling is advocated as needed research in the future to be able to introduce 
this essential initial condition into any significant pavement material testing procedures. 
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Discussion 
W. M. KIRKPATRICK, University of Strathclyde, Glas ow, Scotland (currently, Visiting 
Professor of Civil Engineering, West Virginia University -Obrcian raises a number 
of points worthy of comment. The first concerns the stress conditions developed in the 
test. The earth pressure at rest or Ko condition is usually associated with principal 
stress states. In the tests described, the presence of shear stresses, evidently acting 
along the oedometer sample boundaries would strictly prevent Ko from being defined 
as the ratio axlaz as stated in Figures 7, 8, 9, etc. It is probable that these shear 
stresses will be small, but it would be of interest in the appraisal of the data if the 
author could give details of the sample dimensions or estimates of the shear stresses 
around the boundaries. Was any attempt made to reduce boundary friction, e.g., by 
the use of boundary lubrication of the type proved so successful in triaxial work de
scribed by Rowe and Barden (12)? 

The curves of ax/az versusconsolidation pressure are similar in shape and seem 
to indicate consistency in the measurements made. It is of some surprise however, 
in the light of available data, that the ratios ax/az should fall to such low values. For 
the loose sand in Figure 9, values of ax/az around 0.33 are shown. The ratios of the 
minor to the major principal stresses must be even smaller than this and reach values 
close to those of the Mohr-Coulomb state of limiting equilibrium. This would be an 
alarming condition if it existed in natural soil deposits. 

Regarding the cyclic loading test data in Figure 12, it is noteworthy to find that K0 
values for granular soils can approach and even exceed unity in the overconsolidation 
range. The influence of this effect with regard to the behavior of the soil is important 
as pointed out and should be taken advantage of in engineering situations. The effect 
of history of prestressing on the stress-strain response also mentioned in the paper is 
worthy of a little further elaboration. The effect which can be picked out from data in 
Figure 12 can also be noted from the data from cyclic loading tests in the triaxial ap
paratus as shown in Figures 14 and 15 (13 ). 

These tests, one at an intermediate state and one at a dense state of compaction, 
were performed under drained conditions on a uniform medium quartz sand having 
roughly spherical grain shape. Lubricated platens were used in the tests and axial 
loads and deformations were measured inside the cell. During the tests the radial 
stress, a', was kept constant while cyclic loading effects were pro uced by applying 
and remo.Jing the piston load on the end of the sample. 

Figures 14 and 15 show that the removal of the axial load from a certain stress 
level resulted in the recovery of a little of the applied strain (recoverable or elastic 
strain) but that the majority of the applied strain is plastic or irrecoverable. Repeat
ing cycling operations to a given stress level indicate that only insignificant additional 
plastic strains develop after the first cycling operation is completed. The slopes of 
the reloading curves for all cycles are more or less uniform for a given initial porosity 
and cell pressure value, a\. Defining this slop as Er, it is found that Er increa$es 
as a'3 increases but reduces as the initial porosity n increases. Values of a bulk mod
ulus Kr can be determined similarly from the slope of the reloading parts of the curves 
relating a'/a'3 to volume strain AV /V. 

The development of the plastic strains seems to be a result of the imposition of a 
deviatoric stress component since a cycling hydrostatic stress has little apparent in
fluence on these nonrecoverable axial strains. This behavior can be explained as being 
due to the collapse of all the groups of particles that are potentially unstable under 
shear stresses up to the level of those imposed in the cycling operation. These in
stabilities are largely removed on the first cycle so that strains produced in future 
cycles within this stress level are due almost entirely to elastic or recoverable effects. 
As the level of stress increases, successively stronger unstable particle groups will 
collapse till the soil comes to a general state of plastic flow. 

The stress state in these tests is similar, though not identical (since a'
3

, does not 
vary), to those which might be produced in the soil under the center of a round or square 
foundation and can be used to gain insight into the influence of stress history on founda
tion behavior. The data show that if a deposit of granular soil can be prestressed up 
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to the level of the imposed foundation 
load prior to the construction of the 
structure the settlement of the actual 
foundation under structural function 
will be that due only to the recoverable 
or elastic part of the strain as estimated 
on the basis of the Modulus Er. The 
effect is most dramatic in loose gran
ular soils in which allowable bearing 
pressures are usually restricted by 
settlement considerations. In the 
medium-dense sample in Figure 15 
prestressing has the effect of reducing 
the axial strain to about 60 percent of 
the value developing on the first load
ing when the s oil is stressed up to a 
value of a'/ a'

3 
= 2 . 

The values of Er and Kr deter
mined can be used to construct the 
stress-axial strain and axial strain
volume strain curves for elastic or 
recoverable conditions. Assuming 
the remaining strains are plastic, 
these can be computed from the mea
sured strains and the plastic stress
strain curves can be constructed. 
Such a construction for a dense sand 
under triaxial compression is shown 
in Figure 16 (13 ). 

12. Rowe, P. W., and Barden, L. The Importance of Free-Ends in the Triaxial Test. 
Proc. ASCE, 90 SMI, p. 1-27, 1964. 

13. Khataniar, B. C. An Experimental Investigation of Assumptions Made in the In
terpretation of Triaxial Test Data. Master's thesis, University of Strathclyde, 
Glasgow, 1968. 

V. F. OBRCIAN, Closure-Professor Kirkpatrick's discussion points out some of the dif
ficulties inherent in the consolidation testing of soils where the presence of the rigid 
ring restraint is responsible for development of shear stresses on the sample boundary. 
Therefore, theoretically speaking the ratio of the observed horizontal to vertical stress 
in this test does not yield an exact value of the coefficient of the earth pressure at rest. 
Nevertheless, it was felt that these tests may provide an approximation of the stress 
system for a systematic study of this phenomenon insofar as the influences of relative 
density, consolidation stress level, gradation and stress history are concerned. It 
was mainly because of the extreme sensitivity of the results to any lateral yielding, 
which is hard to control in a triaxial testing procedure, that this testing procedure was 
selected. 

An estimate of shear stresses, which were taken into account only in reduction of 
vertical stresses, can be obtained using the friction loads shown in Figure 6 and the 
21,.{i-in. diameter sample dimension with 1-in. initial thickness. 




