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Confined Compression Test for Soils 

L. w. ZACHARY AND R. A. LOHNES 

The ratio of lateral to vertical stress at zero lateral strain (K0 ) is 
a soil characteristic that is important in several geotechnical appli
cations. At present, no unanimity exists as to how K 0 should be 
calculated or how it is influenced by stress history. The uncer
tainty regarding this soil characteristic may be reduced through 
improved measurements. At present, triaxial testing and confined 
compression tests are used. Triaxial testing is cumbersome and 
limited to certain soil types. Confined compression tests ignore 
the presence of wall friction and thus may introduce unknown 
factors in the measurement. A new confined compression tester 
is described that measures wall shear stresses along with vertical 
and horizontal stresses. Confined compression tests on Ottawa 
sand, alluvial sand, crushed limestone, and coal and comparisons 
with K 0 tests conducted in triaxial apparatus on replicate speci
mens of the two materials are included. The new test device shows 
promise and should lead to improved methods for evaluating K 0 

in soils and provide a tool for achieving an understanding of how 
stress history influences this important soil characteristic. 

The "at rest" lateral stress ratio for soils K 0 is used in retaining 
wall and deep foundation analyses and estimates of the loads 
on buried pipes, and has been shown to influence the shearing 
resistance of soils. K 0 also affects the bearing capacity and 
settlement of shallow foundations, but it is seldom used. Some 
uncertainty exists about how to estimate or measure this soil 
characteristic, and the uncertainty is greatest in very loose 
soils, compacted fills, and overconsolidated sediments and 
residual soils. 

Several analytical methods use the soil shear strength as 
the key parameter to estimate or calculate K 0 and involve a 
measurement followed by a calculation based on assumptions. 
The application of K 0 estimated in this manner carries with 
it the indeterminacy inherent with both measurement inac
curacies and analytical assumptions. The measurement of lat
eral stresses for zero lateral strain is accomplished by both in 
situ and laboratory methods. In general, interpretation of field 
tests is difficult because of poorly defined boundary conditions 
and uncertain drainage conditions. More specifically, individ
ual in situ K

0 
testers are limited to a fairly narrow range of 

soil types. Laboratory tests suffer from sample disturbance 
for any measurement, and K

0 
tests are limited to cohesive 

soils and mechanical overconsolidation (1). 

PREVIOUS STUDIES 

One early application of lateral stress ratios in particulate 
materials is Janssen's equation (2) used to calculate the ver
tical and horizontal stresses that ensiled bulk solids exert on 
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container bottoms and sides. This equation includes a lateral 
stress ratio k. Janssen explicitly stated that k should be mea
sured for each material to be stored. Probably because of 
problems associated with measuring k, Rankine's (3) active 
case, Ka, was soon employed in the Janssen equation (4). The 
use of Ka has persisted into recent structural codes for silos 
and was employed by Marston (6) when he adapted Janssen's 
equation to calculate the loads on buried pipes. The use of 
Ka is inappropriate because the Janssen/Marston equations 
were developed on the premise that vertical loads are reduced 
by the shear that occurs on the vertical walls of the silo or on 
the sides of the ditch and that Rankine's Ka is for the ratio 
of minor to major principal stresses. The Rankine expression 
is also for failure stresses, and there is some question as to 
whether this is appropriate for static loads at no lateral strain. 

J aky (7,8) also was interested in the ratio of principal stresses 
for the zero lateral strain case as they applied to ensiled bulk 
solids and developed a theoretical equation lo preuicl K 0 from 
the friction angle qi of the material. He later showed that this 
equation applied to soils and retaining walls and simplified 
the equation to the famous form: 

... 1<.o = 1 - sin.¢ 

This equation is attractive for its simplicity and is used widely 
for granular soils. However, the equation is flawed by a 
dependency on a failure parameter. Actually K 0 is dependent 
on deformation (9) and not on failure. 

Hendron (10) used a specially instrumented oedometer to 
measure the lateral stresses during loading and unloading of 
sands. His data show that for most sands during loading Jaky's 
equation gives reasonable estimates of K 0 • During unloading 
the horizontal stress increased and even exceeded the vertical 
stress. Subsequent work with the oedometer on clays (11) 
indicated that K 0 of normally consolidated clays could be 
estimated from an equation similar to the Jaky equation with 
the 1 replaced by 0.95 and that K

0 
of overconsolidated clays 

varied with overconsolidation ratio (OCR) and plasticity index 
of clay. Schmidt (12) suggested an empirical exponential rela
tionship between K 0 and OCR. This oedometer had a small 
height-to-diameter ratio to minimize wall friction. 

A specially designed oedometer was used to establish a 
relationship between K

0
, liquid limit, and OCR for clays (13). 

This oedometer had a height of 3.5 in. and a diameter of 7 
in. to " ... accommodate a large enough sample with minimum 
sidewall friction." 

Mayne and Kulhawy (14) conducted a statistical study of 
170 soils to empirically predict K

0 
from qi and OCR and con

cluded that the Jaky equation is valid for normally consoli
dated clays and "moderately valid" for normally consolidated 
sands. During unloading K

0 
is approximately dependent 
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on <f>, and, when reloaded , horizontal stresses can be esti
mated from <f>, OCR, and the maximum OCR. All of those 
relationships are summarized in one equation. 

Feda (9) used zero lateral strain triaxial tests to measure 
K 0 of sands and concluded that the Jaky equation applied 
only to dense sands and that the stress-dilatancy theory (Rowe) 
could be used to predict K 0 for normally consolidated sands. 
For overconsolidated sands, an exponential relationship 
between K 0 and OCR exists up to a maximum K 0 , approaching 
Rankine's passive stress ratio KP. 

Studies of agricultural grain in zero lateral strain triaxial 
tests indicated that measured values of K 0 were slightly lower 
than those predicted by the Jaky equation (15). This study, 
intended for application to calculating static lateral stresses 
in silos, did not include unloading and overconsolidation effects. 

The preceding brief discussion illustrates that the Jaky 
equation may have limited application for estimating K 0 • 

However, recent studies use the equation for calculating stresses 
in compacted fills (16) and for evaluating the effects of ani
sotropic consolidation on soil shear strength (17). No unan
imity may exist concerning how K0 should be calculated, and 
this, in part, may result from the various methods used to 
measure the lateral stresses in soils and other particulate mate
rials . K 0 is an important parameter, and an improved test 
method may contribute useful information. 

CURRENT LABORATORY TESTS 

In some K 0 triaxial tests, lateral strains are monitored with a 
circumferential strain gauge (9), and it is assumed that the 
strains throughout the height of the test specimen are uniform. 
A second approach is to continuously monitor volume change 
and axial strain and continuously adjust confining stresses to 
achieve zero lateral strain, which would require computer
controlled servomechanisms for effective data collection. A 
third approach is to use a piston entering the cell that has the 
same diameter as the test specimen, and, by monitoring cell 
volume and by maintaining the volume at a constant value, 
average zero lateral strain will be maintained as the test spec
imen shortens (18,15). This last approach seems the most 
effective, but all triaxial tests are difficult to conduct on soft 
soils and are awkward for obtaining reliable data during 
unloading. 

The oedometer test allows loading and reloading cycles but 
has the disadvantage of unknown shear stresses acting on the 
sides of the test specimen. In conventional equipment (10,11) 
or special apparatus (13,19), those stresses are always assumed 
to be zero. This is highly unlikely, even in equipment where 
the specimen size is thin to minimize shear. It is the opinion 
of the authors that ·thin specimens may be subjected to addi
tional measurement errors because of end effects, and some 
evidence exists to support this opinion (1). 

DESCRIPTION OF THE CONFINED 
COMPRESSION TESTER 

The confined compression apparatus used in this work is illus
trated in Figure 1. The thin-walled circular cylinder is made 
of acrylic and rests on an acrylic platform. Acrylic was orig-
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FIGURE 1 Confined compression test apparatus. 

inally chosen because of its low stiffness relative to metals 
and to assure that the strains in the cylinder would be large 
enough to measure accurately. Acrylic is clear, and the sample 
can be viewed during test set up and during deformation. In 
applications where variable lateral constraint is of interest, 
different cylinder diameters, wall thicknesses, and cylinder 
material may be used. Except for frictional considerations 
between the platform and cylinder, the cylinder is free to 
expand in the radial direction. The radial expansion is quite 
small, as is noted later. The vertical load is applied to the 
bulk solid by a piston located at the top of the cylinder. 

The piston is made of Delrin, which has a low coefficient 
of friction and also has good strength properties. The piston 
is backed by an aluminum stiffening plate. The piston is made 
slightly undersized, 2 mm on a 145-mm diameter, to keep the 
piston from transferring load directly to the cylinder. The load 
Fr at the top piston is monitored by a commercial load cell 
with a load capacity of 4448 N (1,000 lb). The load is supplied 
by a hand-operated pump and hydraulic ram. A dead load 
system, a lever arm and a fixed weight, could also be used in 
place of the hydraulic ram. The displacement of the upper 
piston is monitored by a dial gauge capable of measuring 
increments of 0.0254 mm (0.001 in.). A linear differential 
transformer can also be used to measure the piston movement. 

At the bottom of the cylinder, another Delrin piston mea
sures the force F8 , which is the force transferred to the soil 
in the axial direction . The force is monitored by a load cell 
of the authors' own design . The strain gauge-based load cell 
has a capacity of 1330 N (300 lb) and a sensitivity of 2. 79 µIN 
(12.42 µ/lb), where µ is in micrometers per meter of strain 
or microinches per inch of strain. The sensitivity is also the 
calibration factor of the load cell. Owing to the deflection of 
the load cell, the lower piston moves only very slightly when 
compared with the motion of the upper piston, and, it can be 
neglected. Again, the piston is undersized to keep the shear 
transmitted to the cylinder by the piston at a negligible level. 

Four rectangular strain gauge rosettes are located at 90-
degree increments around the cylinder at distance h

8 
below 

the top surface of the soil. Each pair of gauges measures the 
axial and hoop strains of the cylinder. The four axial strains 
are averaged to give the axial strain in the cylinder and like
wise for the hoop (circumferential) strains. Because heat dis
sipation is a problem, 350-ohm gauges were used. Thermal 
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drift is insignificant for the amount of time required to take 
the strain readings . A switch anrl hal<1nce unit is used <1long 
with a constant voltage strain indicator. The bridge voltage 
is 2 V. The 350-ohm gauges have a gauge length of 6.35 mm 
(0.25 in.) and a gauge area of 46.8 mm2 (0.0725 in2). 

The soil vertical strain Ev is determined by dividing the 
vertical movement of the upper piston by the original height 
h of the soil specimen. A set of tests on a granular material 
indicated that h/D ratios did not effect the results. This assumes 
that the axial strain is uniformly distributed throughout the 
depth of the material. The horizontal or lateral stress in the 
soil, uH, is determined by realizing that uH acts as an internal 
pressure on the thin wall cylinder. By using the thin wall 
pressure vessel formula to relate the internal pressure to the 
hoop stress u 0 in the cylinder, plus, by incorporating the plane 
stress/stress-strain relationship , u H can be determined as follows: 

(1) 

where t, D, E, and v are the thickness, diameter, Young's 
modulus, and Poisson's ratio , respectively, of the cylinder . 
Here, E0 and E• are the average hoop and axial strains of the 
cylinder as was measured by the strain gauges. 

E and v of the acrylic 145-mm (5. 72-in.) diameter cylinder 
are needed, so a 41-mm x 300-mm longitudinal slice of mate
rial was taken from the cylinder to be used as a tensile spec
imen. The thickness of the cylinder wall and slice was 3.33 
mm (0.131 in.). Two strain gauges were used to measure the 
longitudinal and lateral strains of the tensile specimen made 
from the longitudinal slice. The stress-strain diagram was nearly 
linear to 400 µ. All of the tests reported here had strains less 
than this vaiue. E was found to be approximately 2.2 GPa 
(320 ksi) . Poisson's ratio over the same range was 0.38 . 

A check on the uH values obtained from Equation (1) is 
desirable. However, no direct check is possible. A secondary 
check that involves the same strains and material properties 
is developed next. The axial stress in the cylinder at the gauge 
location is 

(2) 

The same axial stress will be estimated by using the forces 
measured by the pistons . By ignoring the weight of the bulk 
solid, an approach similar to Janssen's (2) can be used to 
determine the axial stress. The assumption that the weight 
effects are negligible is good for the apparatus illustrated in 
Figure 1. Referring to the free body diagram, Figure 2, that 
illustrates the vertical loads acting on the soil, the following 
equation holds: 

dF = TIDT dx (3) 

Then, assuming that the shearing stress is related to the hor
izontal stress by a constant coefficient of friction, 

T = µuH (4) 

To relate the horizontal stress to the vertical stress uy, it is 
assumed that the stress ratio constant is 
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FIGURE 2 Soil free body diagram. 

(5) 

Combining Equations 3, 4, and 5, 

dF = µkTIDuy = 4µkF(x) (6) 
dx D 

where 

Uy = 4F(x)hrD2 (7) 

The solution to this differential equation is of the form 

Applying the boundary conditions 

~~=~ ~ 

F(h) = FB (10) 

yields 

(11) 

and 

(12) 

The force in the wall of the cylinder at the gauge location 
is equal to the force at the top piston minus the force in 
the granular material given by Equation 11. This gives a wall 
stress of 

(13) 

Combining Equations 7 and 11 gives the average vertical stress 
in soil 

(14) 
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PRELIMINARY TEST RESULTS 

The confined compression tester was conceived to study the 
effects of wall roughness and stiffness on the stress distribution 
of ensiled particulate materials (20,21). Later it was recog
nized that the equipment has the potential to give new insights 
into factors that influence K 0 of a wide variety of soils, espe
cially those difficult to characterize in terms of lateral stress 
ratios . 

Confined compression tests were conducted on Ottawa sand , 
an alluvial sand, crushed limestone, and coal. Hoop strains 
were observed to be about 0.00022 mm/mm. Because the 
strains were so small, the results of the confined compression 
tests were compared with those of K

0 
triaxial tests. The wall 

friction coefficients were compared also with direct shear tests 
of the Ottawa sand and coal on the same acrylic used for the 
confined compression tester. The wall friction coefficients agree 
within 0.02 and help substantiate the assumption of Equation 
4. Jaky's K0 was computed from friction angles measured in 
triaxial tests . The confined compression tests included load
ing, unloading, and reloading tests. The data for those four 
materials are summarized in Table 1. The values for k are 
the ratios of horizontal-to-vertical stress as was calculated 
from Equations 1 and 14. The values for K0 are the ratios of 
minor principal stress to major principal stress calculated 
from the horizontal, vertical, and wall shear stresses and the 
equations 

CT1 + CT3 

2 

(15) 

where CT 1 and CT3 are major and minor principal stresses, 
respectively; CTv and CTH are the vertical and horizontal stresses , 
respectively ; and T is the shear stress at the wall. 

The wall friction µ' was calculated from Equation 12. The 
confined compression test results indicate that the materials 
tested have a wide range of K 0 values and that those values 
roughly correlate with the K0 as measured in triaxial tests. 
However, confined K 0 are consistently lower than triaxial K 0 

and, in the case of the Ottawa sand and crushed limestone 
approach, Rankine's active stress ratio . The behavior of the 
sand is consistent with Feda's (9) conclusion. 

The variation between the triaxial and confined compres
sion K 0 values is the basis for continued study. Although it 

TABLE 1 RESULTS OF PRELIMINARY CONFINED 
COMPRESSION TESTS IN COMPARISON WITH TRIAXIAL 
AND DIRECT SHEAR TESTS ON THE SAME OR SIMILAR 
MATERIALS 

CONFINED 
COMPRESSION c.c. TRI AX THEORY 

MATERIAL KO U' KO KO KO KA 

nT'T'.i\Hfi. SD n. 36 n. 17 (l,li'.1 n. '\? 0. 36 0.117 n. 11 

ALLUVIAL SD 0.11, 0.29 0.1, 7 (\, 29 o. 30 0.1,2 0.26 

CRUSHED LS 0.31 o. 27 O.•B o. 27 o.•• 0.30 o. 25 

COAL (), 35 0. 32 0. 3• o. 32 0. 33 o. 33 0.18 
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can be argued that the small lateral strains are sufficient to 
mobilize active case conditions, it is important to question the 
reliability of both the horizontal and the vertical stresses as 
determined in the confined compression test. 

The horizontal stress is calculated from Equation 1 by using 
strains measured directly on the container. An internal check 
on the horizontal stress calculation can be found by calculating 
the axial wall stress from both Equations 2 and 13 . Equation 
2 uses the same strains used in Equation 1, whereas Equation 
13 uses the forces at the top and bottom of the container. 
Both equations, using independent data, give the same result 
and verify the strain measurements and demonstrate that the 
horizontal stress computation is reasonable. 

The main concern, then , is the computation of vertical stress. 
Equation 8 assumes that the vertical stress is uniform across 
the diameter of the specimen. Axial symmetry and the wall 
shear stress require that the vertical stresses vary from a max
imum along the central axis of the specimen to a minimum 
at the wall of the container. Shear stresses acting on the ver
tical and horizontal planes are maximum at the wall of the 
container and decrease to zero at the center of the test spec
imen where the vertical and horizontal stresses are major and 
minor principal stresses, respectively . This is a fundamental 
limitation of the Janssen/Marston equation, and several ana
lytical solutions have been suggested (22-24). All of those 
solutions use assumptions on the shape of the vertical stress 
distribution curve to solve the problem and, as such, are 
inadequate to validate or modify this measuring technique. 
The only way to determine the vertical stress distribution 
across the diameter of the soil specimen confidently is to 
measure it , and the technique for this difficult task is under 
development. 

Figures 3, 4, and 5, illustrating Ottawa sand data, provide 
evidence of the potential of the confined compression tester. 
Similar results were obtained from other materials. Figure 3 
is a plot of vertical stress versus horizontal stress for three 
load/unload cycles . The virgin loading cycle has a linear slope 
k from which K 0 can be calculated. Unloading curves indicate 
that horizontal stresses remain high during unloading , and, 
as vertical stresses approach zero, horizontal stresses are higher 
than vertical stresses . Residual horizontal stresses occur at 
zero vertical stress. For reloading, k is lower , as would be 
expected for a densified specimen . Figure 4 is a plot of hor
izontal stress versus shear stress where the slope of the curve 
is µ'. As was expected, the loading and reloading curves are 
quite linear and nearly parallel. Finally, Figure 5 presents 
stress-strain curves with strain hardening that is typical of 
confined compression tests. 

CONCLUSIONS 

Confined compression tests with the new test device can be 
conducted in 20 min when compared with triaxial tests that 
require as much as 2 to 3 hr. The device should accommo
date a wide range of soils and allows study of the effects of 
overconsolidation ratios and time on K

0
• 

Preliminary confined compression tests on sands, crushed 
limestone, and coal produce stress-strain curves that exhibit 
strain hardening, as was expected, and the measured value 
of k is linear throughout virgin loading. The horizontal stresses 
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FIGURE 3 Horizontal and vertical stress curve. 
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FIGURE 4 Shearing stress and horizontal stress curve. 

remain higher at equivalent vertical stresses upon unloading, 
resulting in variable k values that approach Rankine's KP as 
the vertical stresses approach zero. Residual horizontal stresses 
remain at zero vertical stress. The reloading curves are linear 
but have lower k values than the virgin loading. Wall friction 
coefficients determined in this confined compression test com
pare favorably with those measured by direct shear tests . 
Those data show considerable promise for the test device . 

However, when the contined compression results are com
pared with triaxial test results, the interpretation is not so 
straightforward. 

This study illustrates the complexity of obtaining accurate 
K 0 measurements and suggests that some previous K 0 test 
results may have been somewhat naively interpreted and may 
have contributed to some of the confusion regarding accurate 
values of K 0 • Continued development of this device appears 



Zachary and Lohnes 115 

70 
ltl 
a. 
::I.. 60 

+-+Load and Re load 
o----0 Unload 

UI 50 
UI 
Q) 

L 40 .µ 
Ul 

r-1 30 
ltl 
u 
·r1 

20 .µ 
L 
Q) 

> 10 

0 
0 .005 . 01 .015 

Strain - m/m 

FIGURE 5 Confined stress-strain curve. 

appropriate and necessary. The application of this device to 
saturated clays can be achieved by incorporating pore pressure 
transducers into the walls of the cylinder. 
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