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From experiments on three types of Seattle clays conducted in a specially 
designed stress meter, the authors established a relationship between the 
precompression ratio, PR, and the coefficient of earth pressure at rest for 
overconsolidated soils with PR s: 12. This relationship is also .found appli
cable to several soil types tested by other researches. A unique relation
ship was observed between the coefficient of earth pressure at rest for 
normally consolidated soils and the liquid limit of the soils tested by the 
authors and others. A reduction in the magnitude of the coefficient of earth 
pressure at rest for overconsolidated soils as a function of increasing depth 
below the ground surface is indicated. Also, a rationale for the increase 
of this coefficient because of overconsolidation is suggested. 

•THIS PAPER deals with the coefficient of lateral earth pressure at rest, designated 
Kc,, for overconsolidated and saturated cohesive soils. Samsioe (5) was the first to re
cognize the increase in K0 as a i·esult of overcoilsolidation. Zeevaert @)and Kjellman 
and Jakobson (3) have also contributed. Skempton (6) observed increases in the values 
of Ko with increasing overconsolidation ratios. His-findings were based on the vari
ations of the pore pressure parameter A during triaxial testing of heavily overconsoli
dated London clay. Recently variations of consolidometer devices, or simple consoli
dation rings, have been used by Neyer (4), Hendron (2), and Brooker and Ireland (1) for 
the determination of K0 during overconsolidation. - -

In view of the variation in the results obtained by these past researches, which de
pended on the soil type, it was first decided by the authors to add to the existing body 
of knowledge by testing three additional soils in a specially designed stress meter
where lateral deformations could be kept at zero-to see how well the previous re
searches' data concerning the relationship between K0 and overconsolidation ratio cor
related with these findings. Second, it was judged desirable to knowhow well the increase 
of Ko with an increasing overconsolidation ratio correlates with certain basic engineering 
soil properties such as liquid limit, plastic limit, plasticity index, etc., and what the 
limitations, if any, would be on such a dependency. Third, it was hoped to provide a 
rational explanation for the increase of K0 with an increase in the overconsolidation 
ratio. The data and the discussions presented below show the extent to which each of 
these objectives has been realized. 

RATIONALE FOR INCREASE OF K
0 

DURING OVERCONSOLIDATION 

If an attempt is made to analyze stresses-axial and lateral-acting on a unit soil 
mass at a given depth below the ground surface, would the lateral stresses, a 3, and 
axial stresses, a1, be equal? This question is apparently basic. If the sample has never 
carried an axial load greater than what it is presently carrying, then the soil is normally 
consolidated and the lateral stresses would always be less than the axial stresses. On 
the other hand, if the sample in its past history was buried under a greater depth of 
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soil, part of which was subsequently re
moved as a result of erosion, or if it were 
heavily overloaded by glacial ice loads that 
disappeared with the melting of the ice, 
would 0'3 remain constant, or would it be 
reduced in the same ratio as 0'1? An attempt 
will be made to answer these pertinent 
questions. 

Because of a reduction in the axial stress, 
0'1, upon partial unloading of an overconsol
idated clay, the soil finds itself in a different 
state of stress, to which it tries to adjust. 
The lateral stresses in this new state can 
only be determined by the existing axial 
stresses and the engineering properties of 
the soil if it were possible for material to 
experience adequate upward expansion cor
responding to a reduction in axial stresses. 
The question that might be asked at this point 
is: Can this adequate upward expansion 
take place? 

To answer this, the authors will consider 
the physical (external compressive) and 
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Figure 1. Variation of internal attractive and repul
sive forces within the clay-water system during cyclic 

consolidation process. 

physicochemical (internal attractive and repulsive) forces that operate in a soil sample 
at equilibrium during a cyclic consolidation process. Curves a-b and b-c in Figure 1 
represent respectively the normal consolidation and overconsolidation cycles for a given 
soil sample. The horizontal line h drawn at a given moisture content intersects both 
the normal consolidation and overconsolidation curves at points 1 and 2 respectively. 
The fact that a lower external compressive stress is required to keep the soil sample 
at the same volumetric relationship during the overconsolidation cycle (point 2) than 
during normal consolidation (point 1) indicates that the interi1al attractive forces must 
have increased during overconsolidation. This increase in the internal attractive 
stresses would, therefore, prevent complete vertical strain recovery of the soil. This 
being the case, the following relationship should hold: 

e 1 * __ 1 - 2u K0 * < 1.0 
e1 1 - 2u K0 

(1) 

where 

e 1 =the total recoverable vertical strain under axial stress, a1, if the soil were 
able to adequately expand upward after the reduction of the original axial 
stresses; 

ei* =the actual vertical strain recovered under the same axi::ll stresses, cr1, for 
overconsolidated soil; 

u =Poisson's ratio; 
K0 = the coefficient of earth pressure at rest for normally consolidated soil; and 

Ko* = the coefficient of earth pressure at rest for overconsolidated soil that is pres
ently subjected to axial stress O' 1 · 

Thus, for Eq. 1 to be satisfied, Ko* must be greater than Ko· Consequently, the 
originally induced lateral stresses cannot be reduced at the same ratio as axial stresses. 
This would mean that the lateral earth pressures for overconsolidated soils will be greater 
than those for corresponding normally consolidated soils. Depending on the degree of over
consolidation, it is entirely possible that the lateral stresses may even be greater than the 
present axial stresses, thus making the coefficient of lateralpressuregreate rthanunity. 
The experimental data obtained from tests conducted by the authors and others on 
overconsolidated clays support this argument, as indicated in the following paragraphs. 
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SECTION A-A 
O I 2 3 <Ill 

1. Proving ring 
2. Retaining wall 
3. Soil sample 
4. Soil container 
5. Vertical pressure loader 
6. Horizontal deformation measuring gage 

(0.0001 in.) 
7. Cylindrical rollers 
8. Base 
9. Drainage outlets 

SECTION B-B 

DESCRIPTION OF PARTS 

11. 20,000 lb capacity load cell 
12. Ball bearing assembly to prevent tilting and rotating of 

the retaining wall. 
13. Top 8 bottom porous plates 
14. Screw (12 threads/in.) 
15. Socket 
16. Screen 
17. Proving ring dial gage 
18. Support for horizontal deformation measuring gage 
19. Electric strain gages 

10. Vertical consolidation measuring gage (0.001 in.) 

Figure 2. Stress meter. 

COEFFICIENTS OF LATERAL STRESSES IN OVERCONSOLIDATED SOILS 

Instrumentation 

41 

B 

For the purpose of studying the state of lateral stresses in heavily overconsolidated 
clay, it was essential to conduct the experiments in a specially designed apparatus so 
as to duplicate, as closely as possible, the past stress history of soils and to estimate 
realistically the presently existing lateral stresses in the field. It was necessary for 
the apparatus to be equipped with refinements that could minimize experimental error 
and yet be flexible enough to serve well the various purposes for which it was intended. 
The apparatus consists of the following main parts: 

1. A semicircular soil container 7.0 in. in diameter and 3.5 in. deep (Fig. 2, item 4). 
These dimensions were chosen to accommodate testing of a large enough sample with 
minimum sidewall friction, within the limiting capacity of the available loading facilities. 
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2. One yielding wall, with adequate flexibility, used in connection with at-rest, 
active, and passive earth pressure measurement. This part is a solid retaining wall 
in the form of an angle (Fig. 2, item 2) resting on very accurately made rollers (Fig. 2, 
item 7 ). In addition, special arrangements are made to prevent the wall from tilting 
in horizontal and vertical directions and to further minimize the friction between the 
moving wall and the base (Fig. 2, item 12). 

3. A specially designed 10,000-lb-capacity proving ring (Fig. 2, item 1), equipped 
with a 1.0001-in. strain dial gage, used to monitor the magnitude of lateral stresses 
exerted by the soil against the retaining wall. Also, two electrical strain gages are 
installed on the outer surface of the ring to increase its load- reading sensitivity (Fig. 2, 
item 19 ). While one end of the proving ring rests against the retaining wall, the other 
end is fitted into a specially designed socket secured to the base (Fig. 2, item 15) by 
which the stresses on the proving ring can be varied to either prevent or control the 
amount and direction of lateral yielding of the retaining wall as dictated by theoretical 
and practical requirements. The ring is designed to withstand a force of 10,000 lb with 
a maximum deformation of 0.172 in. and is made of specially forged and heat-treated 
steel with 197,000-psi yield strength. 

4. A stress-controlled 11,000-lb-capacity, calibrated, air-operated loader (Fig. 2, 
item 5), usedtoapplyaxialstresses. Themagnitudesofthe axial stresses during loading 
and unloading cycles are determined using a 20,000-lb-capacity, calibrated Baldwin 
Lima Hamilton-type C2-MIC load cell (Fig. 2, item 11). 

Types of Soils Tested 

All the experiments were conducted on Seattle clays obtained from various locations 
along the freeway. Table 1 gives pertinent engineering properties of the soils tested. 
This table also includes data on another Seattle clay tested by Neyer (i ). 

Experimental Data 

Several experiments were conducted on samples 1, 2- 1, 2-2, and 3 (Table 1) with 
the object of determining K

0
, the coefficient of lateral earth pressure at rest as defined 

by 

(2) 

where 

a1 = axial stresses applied to the sample by the hydraulic loader, and 
a3 = measured horizontal stresses transmitted against the s tationary retaining wall 

at the end of 100 percent consolidation under a 1 or at a cons olidated equilibrium 
state, as defined by Tschebotarioff (?,_). 

The soils were first remolded and thoroughly mixed with distilled water at their 
liquid limit consistency and stored in a humid room in plastic containers for a period 
of 2 weeks prior to testing. Subsequently, they were placed in the stress meter and 

axial stresses up to a maximum of 333 psi 
for sample 1, 375 psi for sample 2-1, 
395 psi for sample 2-2, and 380 psi for 
sample 3, and then reduced to zero in dec
rements. A 24-hourperiod was allowed 
to lapse between each stress increment 
and decrement during loading and un
loading cycles. This time was found to 
be adequate for the soil to reach 100 per
cent consolidation, which was apparent 
from the consolidation-time curves plot
ted during the experiments. 

TABLE 1 

ENGINEERING PROPERTIES OF SOILS TESTED 

Sample Field Water Llqu ld Pl11sllc Percent 
Con lent Limit L imit 

Number (percent) (percent) (pe rcent) Clay 

32.6 56.8 33.7 62 

2-1 27.3 46.8 29.2 53 

2-2 27.3 46.8 29.2 53 

22.7 38.2 28,0 

Neyer 66.7 24.6 68 
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The at-rest lateral stresses, induced during the axial loading and unloading cycles, 
were measured by the proving ring at the end of 100 percent consolidation under each 
axial load increment. The proving ring was attached to the retaining wall on one end 
and to the specially designed socket on the other end. The socket was designed so that 
the forces on the proving ring could be increased smoothly to prevent lateral movement 
of the retaining wall. 

Figures 3, 4, 5, and 6 show the relationships obtained between the axial and the lateral 
stresses during the experiments. 
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Figure 3. Relationship between axial and lateral stresses during loading and unloading 
cycles on remolded Seattle clays-sample 1. 
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Figure 4. Relationship between axial and lateral stresses during loading and unloading 
cycles on remolded Seattle clays-sample 2-1. 
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Figure 5. Relationship between axial and lateral stresses during 
loading and unloading cycles on Seattle remolded clays- sample 2-2. 
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Figure 6. Relationship between axial and lateral stresses during loading and unloading 
cycles on remolded Seattle clays-sample 3. 

_J 
<! 0 o:::.:: 
~~ 
UJ 0:: 
z :::> 
LL !fl 
ol!] 
f- 0:: 
z "
~:i: 
~tr: 
LL <! lbw 
8 

PRECOMPRESSION RATIO , P. 

Figure 7. Precompression ratio, PR• versus coefficient o·f neutral earth pressure, 
K

0 
(during overconsolidation) . 



PRECOMPRESSION RATIO , PA 

Figure 8. Precompression ratio, PR, versus coefficient of neutral earth 
pressure, K0 , of Seattle clay-plotted from Neyer's data (~). 

PRECOMPRESSION RATIO, flt 

Figure 9. Precompression ratio, PR, versus coefficient of neutral earth 
pressure, K0 , of Eocene clay-plotted from Skempton's data t§.J. 
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An important outcome of this investigation is the data shown in Figure 7. The curves 
for samples 1, 2-1, 2-2, and 3 in Figure 7 were obtained from the experimental data 
shown in Figures 3 through 6 by plotting the overconsolidation ratio, PR, against Ko· 
PR is defined as the ratio between the experimental precompression stress, Pc, to 
which the soil is subjected, and the axial stress, 0-1, acting on the sample during the 
unloading cycle. K0 is defined as the ratio between the horizontal stress registered on 
the proving ring attached to the stationary wall and the axial stress, a 1, during the same 
process. For comparison, the authors plotted Neyer's data on Seattle clays (4), which 
were obtained from strain gages placed at the outer face of a conventional consolidation 
ring (Fig. 8), and Skempton's results from Eocene clay (6), which were obtained from 
triaxial tests (Fig. 9). Experimental results obtained by-Brooker and Ireland (1) from 
five different soils tested in a Hendron-type (2) consolidation test unit were plotted by 
the authors and summarized in Figure 10. A _close correlation between the behavior 
of the soils tested by the authors and other investigators working with different soils is 
readily discernible from the data shown in Figures 7, 8, 9, and 10. Furthermore, these 

TABLE 2 

BEHAVIOR OF SOILS TESTED 

Soil Type A " Soil Type x " 
Chicago clay 0.50 0.110 Eocene clay 0.83 0.144 

Goose Lake clay 0.55 0.090 Seattle clay 0.76 0.164 

Weald clay 0.65 0.120 Seattle clay No. 1 0.75 0.174 

London clay 0.80 0.090 Seattle clay No. 2 0.63 0.128 

Bearpaw clay 0.85 0.080 Seattle clay No. 3 0.57 0.097 
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curves can be represented in the form 

(3) 

where A. and °'vary for different soils as given in Table 2. 
A plot of A. and a for each soil against its respective liquid limit is shovrn in Figure 

11. It is significant to note that the data points corresponding to A. lie almost on a 
straight line for all soils shown in Table 2. The ar: values, on the other hand, vary widely 
and randomly. The A. curve in Figure 11 can therefore be represented in the form 

log )I.= 0.00275 (LL - 20) +log (0.54) (4) 

Because A. in Eq. 4 corresponds to the Ko value at PR = 1 (see Eq. 3 and Figs. 7 through 
10), therefore A. equals the coefficient of earth pressure at rest for normally consoli
dated clays. Thus, Eq. 4 establishes a relationship of practical significance between 
the coefficient of earth pressure at rest for a normally consolidated soil and its liquid 
limit. Although no correlation between the authors' and other investigators' data re
garding ar: values was obtained, a probable relationship between ar: and the liquid limit 
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Figure 10. Precompression ratio, PR, versus coefficient of neutral earth 
pressure, K0 -plotted from Brooker and Ireland's data (j). 
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Figure 11. Liquid limit versus ornnd i\. 

is discernible for local Seattle clays~ as shown by the dashed line in Figure 11. For 
Seattle clays only, ot can be represented in the form 
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Figure 12. Neutral coefficient of earth pressure versus depth. 
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It is clear that, in order to apply Eq. 3 in practice, the engineer must first run con
solidation tests to determine the precompres sion pr e s s ure, Pc (from which he can de
termine the precompression ratio, PR), and then a liquid limit test to de termine the 
values of A. (from Eq. 4) and a (from Fig. 11), and afterward s ubstitute these values into 
Eq. 3 to find K0 for overconsolidated soils. It is significant to note, however, that, as 
the precompression ratio theoretically approaches infinity (which will be the case as 
the axial stress, a 1, nears ze r o on the surface of the ground), the Ko values also ap
proach infinity, and, therefol·e, the validity of Eq. 3 becomes questionable at the ground 
surface. As a matter of fact, the portion of the data not shown in Figures 7, 8, 9, and 
10 indicates that the linearity between Ko and PR ceases to exist beyond an average PR 
value of 12 in all soils given in Tab le 2. Therefore, Eq. 3 is restricted in application 
to overconsolidated soils with precompression ratios less than 12. 

Figure 12 is a typical representation of the relationship among the coefficient of earth 
pressure at rest, K0 , the depth of the soil below t he ground s urface, and physical soil 
properties such as density and liquid limit for one of t he Seattle clays tes ted. Figure 
12 shows that the Ko va lue for overconsolidated soils decreases with increasing depth. 
This is only logical in view of the fact that the soil element buried at very great depths 
below the ground surface will not be affected by relatively small variations on the sur
face of the ground, and a soil at such great depths can be assumed to be normally con
solidated. 
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