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TECHN IQUES FOR PORE PRESSURE M EASUREM EN TS 

AN D  SHEAR TESTING O F SOIL

M ESURE DES PRESSION SIN TERSTI TI ELLES ETESSAIS DE CI SAI LLEM EN T  

H.J. GIBBS, Chief  

C.T. COFFEY,  Eng ineer ing  f e c b n i c i o n  

Soils Eng ineer ing  Branch, Bureau of  Reclam at i on  

O f f i ce o f  Ch i e f  Eng ineer ,  D ivision of  Re sea rch Denver ,  Colo rad o, U .S.A.

SitQPSIS Triaxial shear testing involves the evaluation of pore pressure for an effective stress analysis. 
This analysis has been on the basis of pore air pressure, and the theoretical relationship with volume change 
involves Boyle's law for compression of the air combined with Henry's law for air solubility in water. The 
Bureau of Reclamation has been using these theories since 1937. More recently consideration has been given to 
capillary pressures or negative pore pressures in unsaturated cohesive soil. For such a case, the pore water 
pressure will be different than the pore air pressure by the amount of the negative pore pressure.

Several unique developments have been made for measuring the values of capillary stress, uc, pore water 
pressure, Uy, and pore air pressure, ufl, permitting effective stress to be evaluated on the basis of either 
pore air pressure or pore water pressure.

IMJTODUCTION

Since about 1937, the Bureau of Reclamation has 
included the analysis of pore pressure in sealed or 
un.1’eined specimens. The theory utilizing Boyle's 
and Henry* s laws in relation to volume change were 
described by Hamilton (1939). The early develop
ments and the effective stress concept of Bureau 
shear testing up to I960 were described by Gibbs, 
Hilf, Holtz, and Walker (i960). However, it was 
recognized that pore pressure was a difficult 
measurement and the principles used to that time 
involved primarily the evaluation of pore air 
pressure. The Important developments which had 
been made were the theoretical relationship using 
volume change and Boyle's and Henry's laws, and the 
application of this relationship as a guide for con
trolling the rate of testing such that measured pore 
air pressure values would approximately follow it.

Much research was needed to improve the accuracy of 
these measurements as there were many conditions 
which would give erratic results. Furthermore, the 
p.ire water pressure and the suction effects of 
capillary films in unsaturated cohesive soil should 
al:io be considered as they play an important role in 
the cohesive strength of soil. Hilf (1956) showed 
the theoretical relationship of pore air, pore 
water, and capillary pressures in unsaturated co
hesive soils.

Firstly, the research aim in the Bureau of Reclama

tion was to conquer the problem of measuring suc

tion or negative pore pressures, nnH to provide 

accurate measurements of pore air pressures and pore 

watfir pressure. Secondly, these processes were 

applied to triaxial shear testing so that the tests 

can be analyzed on the basis of effective stress 

using either the pore air pressure or the pore water 

pressure which included the effects of capillary 

pressure. These methods have been developed to the 

ex Lent that they are in routine use in the Bureau's

laboratory. It is the authors' opinions that there 
are three major developments in testing techniques 
that are unique and are major steps toward the 
success of this form of testing. They are:

1. The exposed end-plate test for measuring the 
initial negative pore pressure of the soil, 
particularly when values are in excess of
1 atmosphere.

2. The measurement of capillary pressure through
out the range of volume change for the un
drained (sealed) specimen as it is compressed 
from the point of initial negative pore 
pressure to the point where the capillary 
pressure becomes zero at saturation.

3. Improved accuracy in the measurement of pore 
air pressure by separating water films of the 
soil from the end-plate measuring device and 
controlling the end plate so that water is not 
drawn into or from the soil.

FORE PRESSURE ANALYSIS

In a sealed unsaturated specimen the voids contain 
partly water and partly air. The air can develop 
pressure, ua, as it compresses and likewise the 
water will develop pressure, Uy, as additional load 
is applied. However, the water pressure is lower 
and may even be held negative as a result of the 
capillary suction of the water films in the small 
soil pores. The fluid pressures must be in equi
librium or there will be flow until they are in 
equilibrium; that is:

uc = - K  - "w) --------------------- W
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uc = The portion of fluid pressures that resem
bles capillary stress and It is always 
negative. However, it approaches zero as 
compression Is enough to cause saturation.

The theoretical evaluation of pore air pressure, 
u^, as shown by Hamilton (1939) considers the air 
volume to be the volume of free air plus the 
dissolved air according to Henry1s law. Then, 
using the principle of Boyle's law at constant 
temperature:

Pa (Va0 ♦ W w)= (Pa ♦ "a) <Vac + hvw)

Where Pa = atmospheric pressure

h =0.02, the coefficient of air solubility 
in water by volume according to 
Henry1s law

Vao= initial volume of free air, percent 
initial volume

Vac= final volume of free air, percent 
initial volume

Vu = volume of water, percent initial volume

Hllf (1956) suggested a more convenient form of this 
equation by using percent volume change Ay, which is 
equal to (V^ - Vac).

u. = Pa Ay___________________________ (3)

V ao + ^  w ” ̂ v

The early test measurements of pore pressure after 
about 1939 had been essentially that of pore air 
pressure. The end plates contained drilled perfora
tions that were obviously quite large in comparison 
to the soil pores. These large pores were incapable 
of transmitting the effects of the capillary menisci. 
Although tests on moderate soil types showed fairly 
good correlations with the theoretical computations, 
extreme soils such as highly plastic clays, highly 
consolidated clays, etc., frequently showed discrep
ancies in this measurement and pore pressure obser
vations were considered approximate. Today the prin
ciple of using a porous end plate with large pores is 
still used (in this case a coarse ceramic), but 
recent research has developed controls which provide 
the precision desired in the measurement.

The ultimate aim for triaxial shear data is shown 
in Figure 1. There are two Mohr envelopes of shear 
results; one is for effective stress considering
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the pore air pressure and the other is for effective 
stress considering the pore water pressure. As can 
be seen, the most obvious difference is in regard 
to the vertical axis intercept or cohesion value.
When pore pressure is considered as pore air pres
sure, the cohesion is mainly a result of the cap
illary stress which is considered as effective 
stress.

To illustrate the desired observed data for a test, 
the results for Specimen No. 3 In the Mohr envelope 
group is shown in Figure 1(a). All pressure obser
vations are plotted against volume change. Firstly, 
the theoretical curves are established. A sealed 
specimen is limited to a mfivitthttti volume change equal 
to volume of air voids «nH this is shown by the ver
tical dashed line. At this volume change the speci
men becomes saturated. To fully establish the 
theoretical pore pressure curves, the following 
steps are taken:

1. The Initial negative pore pressure, uc, is 
determined on each shear specimen by the ex
posed end-plate test which does not damage or 
disturb the specimen for later shear testing.
For the example specimen, No. 3, the value is 
-22 psi, well in excess of negative 1 atmosphere.

2. The shape of the Uq curve is determined by a 
test on a separate specimen prepared as a dupli
cate of the regular shear specimens. This test 
is the second major research development men
tioned above in the introduction.

3. The theoretical pore air-pressure line is com
puted using Equation 3.

The theoretical pore water-pressure line is com
puted using Equation 1 nnrt the values of uc and 
ua from (2) and (3) above.

These theoretical curves are guides for analyzing 
the observed data, and controlling the rate of 
testing in triaaial shear.

INITIAL NEGATIVE PORE PRESSURE

The capillary stress or initial negative pore pres
sure, uc, can be very large in suction. For exam
ple, agricultural Soil Scientists indicate -400 to 
-500 psi at a soil moisture near the wilting point 
of plants. However, the engineering aspects of 
measuring this pressure on soil without disturbing 
the soil moisture structure had not been developed.
The measurement was avoided because the hydraulic 
measuring systems were limited to a suction of 
1 atmosphere.

A unique method of accomplishing this measurement In 
the Bureau was first shown by Coffey and Gibbs (1963). 
The system consists of exposing the end plate to the 
air pressure, so that the end plate water is pro
tected from breaking In suction while the measure
ment is developing. Thus, the method has been 
called "The Exposed End Plate Test."

The exposed end-plate test assumes that the soil 
sample is in the state of equilibrium; that is, the 
pore air pressure, ua, is zero and the capillary 
menisci have equalized throughout the specimen.
Theory has established that these menisci would have 
the same theoretical curvature and, thus, the same

suction throughout the soil or flow will take place 
until such equilibrium would occur. Then, a fine, 
porous, saturated ceramic end plate will develop 
equal menisci on its surface when it is placed in 
contact with the soil. There are two requirements 
which must be fulfilled:

1. The ceramic must have an air—entry restriction 
or bubbling pressure which exceeds the negative 
suction of the soil, so that the menisci will 
not develop deeper than the surface of the 
saturated ceramic.

2. The suction pressure in the end plate resulting 
from this menisci development must never exceed 
the limit of 1 atmosphere or the water will 
cavitate «nri will be drawn into the soil to 
satisfy its suction. (In the usual test, this 
suction is not allowed to be more than -5 psi 
as a safe limit.)

The first is accomplished by the selection of a 
porous ceramic with proper pore size.

The second, which is the important feature of the 
development, is accomplished by exposing the end 
plate beyond the boundary of the soil specimen as 
Illustrated in Figure 2. When this arrangement is 
enclosed in a pressure chamber, the air pressure of 
the chamber which is applied to offset the origin is 
applied directly to the porous ceramic surface keep
ing the suction pressure of the end plate water less 
then 1 atmosphere. All pressure measurements are 
made with no-flow devices. Figure 2 shows the Bu
reau' s no-flow pressure cell but pressure transduc
ers for automatic recording can be used equally well.

As the suction gradually lowers to -5 psi, an addi
tional 5 psi is added to the test chamber and obser
vations continue. This is repeated until the soil 
suction is satisfied and equilibrium is reached. The 
negative pressure measurement is then determined as 
the sum of the air pressure in the chamber and the 
remaining suction pressure at the measuring tube. 
Examples of test results were shown by Gibbs (1963).

The thoroughness of specimen contact can influence 
the speed of the test. For example, a poor contact 
is equivalent to Increasing the end-plate exposure 
area and also puts a greater burden on fewer soil 
particle contacts with the end plate to bring the 
menisci development to equilibrium. Therefore, it 
is considered best to provide a definite and good 
contact of the soil specimen with the end plate and 
establish the amount of exposure by selecting an end 
plate size that provides a suitable testing time, 
such as 2 to 5 hours.

CHANGE IN CAPILLARY PRESSURE WITH VOLUME

The method just described for measuring the Initial 
negative pore pressure contains the basic principle 
that can now be applied to measuring the changes in 
this capillary effect, uc, as a sealed soil specimen 
is compressed. To the authors' knowledge, this 
principle has not been previously proposed or dis
cussed in the Soil Mechanics literature of other 
researchers and, therefore, is considered an im
portant step in future Soil Mechanics studies of 
testing unsaturated soils as well as for practical 
use for determining the shape of the uc curve.
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Figure 2 Exposed End Plate Test

The principle Involves the sane basic relation 
given by Equation (1):

«0 = "(ua - u«)

As in the exposed end-plate test, the saturated 
fine ceramic end plate must be protected from cavi
tation of the water column by applying air pressure 
at the soil-ceramic interface to offset the origin 
as the measurement develops. However, Instead of 
exposing the outside rim of the end plate, the cen
ter is exposed by a small air-line inlet. This 
permits the specimen to be enclosed in a rubber 
membrane and surrounded by water in the chamber.
The volume change can then be determined by the use 
of a usual volume-change gage tube.

The diagram of the testing apparatus for this meas
urement is shown in Figure 3. The volume-change 
tube leading to the pressure chamber has a water 
level that will register volume change occurring 
in the soil specimen. Air pressure is applied to 
the top of this water column. Also at this point 
an air-line is connected in tandem and leads to the 
center of the end plate. This line has a valve and 
a pressure gage which allows continuous observation 

of the air pressure at the interface, ufl, in Equa-

For Measuring Negative Pore Pressure

tion (1). Also connected to the saturated ceramic 
end plate is a water-filled tube (de-aired) leading 
to a no-flow pressure cell for measurement of Uy in 
Equation (1). (Note that pressure transducers can 
be used equally well for automatic observation of 
these values.)

At the start of the test, the valve in the air-line 
leading to the center of the end plate remains open. 
Then, as pressure is applied at the top of the water 
column, it will be exerted equally to the outside and 
inside of the soil specimen. The result becomes 
comparable to the exposed end-plate test, except 
that there is the added capability of seeing if any 
volume change occurs. Gradual raising of this pres
sure as required to prevent cavitation of the pore 
water-pressure line is conducted similarly to the 
exposed end-plate test until equilibrium is reached. 
At this point the initial negative pore pressure, u0, 
is obtained by using the air-line gage pressure, ua, 
and the no-flow water pressure, Uy, and applying 
these values to Equation (1). Tests have shown that 
any volume change indicated by the level in the tube 
Is negligible and of little consequence in the test 
during this phase.

After the initial negative pore pressure is obtained,
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SPECIMEN 

MEMBRANE 

CHAMBER 

ENO PLATE

FLOW PRESSURE CELL 
OR PRESSURE TRANSDUCERAIRLINE PRESSURE 

AIR LINE PRESSURE GAGE

WATER

CAP I LLARY PRESSURE,  Uc -  psi

__-30 -20 -10 0

(0) PORE PRESSURE APPARATUS AS OPERATED WITH AIR (b) EXAMPLE OF TEST RESULTS FOR USING

EXPOSURE AT THE CENTER OF THE ENO PLATE FINAL TEST PROCEDURE

Figure 3 Pore Pressure Test For uc During Undrained Compression

the valve in the air-line leading to the center of 
the end plate is closed. Then, when subsequent in
creased loading is applied to the top of the water 
column, this loading becomes a compression load on 
the soil specimen causing volume change. At the 
same time, continued readings can be made at the 
end plate to provide observations of u„ and u„ at 
the specimen and ceramic surface interface. Using 
Equation (1), these values provide observations of 
Uc with respect to volume change. After each incre
ment of pressure, some time must be allowed for the 
uc value to reach a stable reading as a small a- 
mount of air must drain into the center air-line

Testing in this manner, the resulting curve of uc 
with respect to volume change is shown in Figure 
3(b). The large solid points are the stable read
ings of uc for each increment of loading; the small 
circular points show the progression of this read
ing immediately after the load increment is applied.

The time required for stable readings of u0 can be 
considerably reduced if material was not required to 
drain from the soil specimen (in this case - air).
Therefore, the procedure was much improved when a 
simple handscrew piston was placed in the air-line, 
so that the operator could account for air compres
sion in line and not require air-drainage from the 
specimen. Better accuracy of the test can also be 
realized as the soil-air-moisture system of the 
specimen is not disturbed by drainage. In this way, 
no more than 15 minutes is used for each increment of Figure U Pore Air Pressure Measuring System With 
loading xniH the test may be fully accomplished in a Positive Separation Between Soil And
few hours. Ceramic End Plate

MALVE

SOIL

* 2 0 0  SCREEN 
< 74 M ICRON “ 
OPENING >

WATER
CONTROL
BURETTE

SATURATEO 
COARSE "  
CERAM IC

VALVE
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F I N E  C E R A M I C  S TO N E  -  -  

B U B B L I N G  P R ES SU R E  A S  

R EQ U I R E D  F O R  S O I L

l a t e r a l

PRESSURE

V O L U M E

c h a n g e H
G A G E

PRESSURE TRANSDUCERS 
( PORE PRESSURES)

# 2 0 0  SCREEN 
~  (74 MICRON OPENING)

COARSE
CERAMIC STONE 
BUBBLING PRESSURE 

5 psi

Figure 5 Trlaxlal Shear Teet Chamber
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MEASUREMENT OF FORE AIR PRESSURE

The correctness of the pore-air-pressure measure
ment is dependent on the "Dreakline" or separation 
of the menisci between the water of the soil and 
the water of the end plate* If this does not occur, 
it Is visualized that several sources of discrep
ancy In observations could result. For example, an 
intermixing of air and water between the end plate 
and the soil could cause an unsettled flow condi
tion, resulting in a false reading, or a change of 
actual moisture in the soil could occur. There 
could be a high degree of soil saturation develop 
near the end plate causing excessively high pore 
pressure as loading compresses the specimen against 
the end plate. On the other hand, there could be a 
high suction of fine-grained soil pulling water 
from the end plate resulting in a reduction of the 
air pressure and larger air voids at the contact 
that would cause lower than expected pore pressure 
measurements. Although many moderately acting 
soils have shown fair results, the above examples 
are speculative conditions in the rather difficult 
soils, which indicated the need of more precise 
control of this test measurement.

In 1968, coauthor C. T. Coffey revised the test 
apparatus so as to provide certainty in the control 
of the end-plate water «nH preventing water trans
fer between the soil and the end plate. Using the 
same style of test as previously described, the 
principles are illustrated diagrammatically in 
Figure 4. There are two important features of this 
revised measuring procedures

(1) The water supply tube, which is a small bore 
size, is maintained at an exact level which the 
operator establishes to give a very amall suc
tion and, thus, a very slight menisci curvature 
amounting to a negative pressure of about
0.5 psl. This would be the zero reading from 
which a l l  remaining air-pressure readings are 
measured. This level is maintained precisely 
with pressure or suction by a piston injector 
as required, because any movement up or down 
would indicate water being forced into or 
taken out of the end plate, respectively.

(2 ) To ascertain further a "breakline" between the 
water of the soil and that of the end plate, a 
fine (200 mesh) screen which has been sprayed 
with silicone mold release to dampen its sur
face tension is placed between the end plate 
and the soil as shown in Figure 4.

CONCLUSIONS

The triaxlal shear test chamber in Figure 5 incor
porates the above testing features. The bottom end 
plate contains a coax Be ceramic stone and is fitted 
with the No. 2 0 0  mesh sieve anri a water burette con
trolled at a precise water level. The top end plate 
contains a fine ceramic stone capable of registering 
suction pressure. However, this end plate cannot 
begin its measurement until the pore water suction 
is less than 1 atmosphere. In the meantime, to pro
tect the end plate from cavitation when the pore 
water suction exceeds 1 atmosphere, an end plate 
control injector is provided In the line so that 
the operator can flood the end plate enough to keep 
the suction from causing cavitation. When compres
sion is enough to cause the pore water pressure to

be within the limitation of minus 1 atmosphere, 
direct pressure readings can be made for the remain
der of the test. Referring back to the example data 
in Figure 1(a) and apparatus in Figure 5, the 
following data were observed!

(1) Volume change by observing the water level in 
the volume-change gage tube.

(2) Lateral pressure, O3, applied to the top of 
the volume change tube.

(3) Deviator stress, measured at the 
load cell on the vertical piston.

(4) Pore air pressure, u_, measured at the bottom 
end plate as previously described. Note that 
the measurement starts from zero volume change 
nnii follows closely the theoretical curve if 
the proper rate of testing is maintained.

(5) Pore water pressure, Uy, measured at the top 
end plate of fine ceramic. Note that the meas
urement does not begin until volume change is 
enough to cause this pressure to be within the 
measurable limit of less than 1 atmosphere 
negative.

(6) Usual interpretations of failure can be used, 
such as maximum devlator stress and lnmrlmiim 
stress ratio. Often failure will be indicated 
by a sudden deviation of the observed pore 
pressure data from the theoretical curve.

(7) The reliability of the observed data is depend
ent on the close comparison to the theoretical 
curves previously established. Also this com
parison serves as a guide for testing at the 
proper speed. In the range of large negative 
capillary pressure, the pore water pressures are 
best determined from the previously established 
ua and uc curves.
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