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INTRODUCTION 
Readers of this chapter should have reviewed Chap. 16 (particularly Section 16.3) dealing 
with introductory shearing properties of soils.  In Chap. 19, the basic techniques of 
collecting, reducing, and plotting, data from triaxial tests are discussed.  Details involving 
the apparatus, experimental techniques, and experimental errors and techniques for 
minimizing them, are covered in Chap. 20. 
 
 

STANDARD 
Triaxial shear testing is covered in the following ASTM standards: 
D2850 –  “Unconsolidated, Undrained Compressive Strength of Cohesive Soils in Triaxial 

Compression” 
D4767 –  “Consolidated-Undrained Triaxial Compression Test on Cohesive Soil” 
 
 

HISTORY 
The triaxial shear device evolved over a period of years.  Early devices with many of the 
characteristics of current triaxial devices were originated by Buisman (1924) and Hveem 
(1934) according to Endersby (1950) but the first devices that resembled modern equipment 
were developed in the early 1930's by Casagrande at Harvard and Rendulic in Vienna, both 
apparently under the direction of Terzaghi.  A consensus developed during the late 1930's 
that the triaxial device was superior to the direct shear device and that view tends to persist 
today. 
 
 

APPARATUS 
Sample Size 
Triaxial shear tests are performed using solid cylindrical soil samples having a height to 
diameter ratio ranging between 2 and 2.5 and with diameters ranging from a minimum of 
about 1.4 inches to a maximum of about 39 inches.  The 1.5-inch diameter size is 
convenient for research using clay whereas sizes ranging from about 1.75 inch to 3.0 inch are 
convenient with undisturbed samples of clay.  Tests with compacted soils may utilize 
samples as small as 1.5 inches in diameter if the soil is clay with no coarse particles but more 
common diameters range from 3.0 to 4.0 inches and larger sizes are used as the soil becomes 
coarser.  Cells for 12-inch diameter samples (Hall, 1950) have been developed with 
confining pressures applied from the outside, and 36-inch diameter (Shockley, 1960) with 
pressure applied by vacuum on the inside. 
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Triaxial Cells 
Triaxial tests are performed using a triaxial cell.  The details of design of triaxial cells vary 
from laboratory to laboratory but the essential features of typical cells are shown in Fig. 19.1.  
The soil sample rests on a base pedestal and is overlain by a rigid loading cap.  The sides are 
covered with a flexible rubber membrane which is attached to a top cap and pedestal using 
either rubber 0-rings, or a rubber band that is wrapped around and around and then is looped 
under itself.  The base of the cell is equipped with a valve and entrance line so that fluid can 
flow into the cell. The base pedestal may be solid if no fluid is supposed to enter or leave the 
sample (a Q test, Article 15.3.5.4) but may also be equipped with one or two drainage lines in 
cases where fluid is to be allowed access to the sample.  It may also be desirable to provide 
a drainage connection to the top cap.  In this case, a plastic tube usually runs from the top 
cap down into the base and then out into a measuring system.  The sidewalls of the triaxial 
cell are usually plastic tubing for pressure up to about 150 psi.  For higher pressures the cell 
walls are usually aluminum.  The top plate is equipped with a bushing and a loading piston 
so that axial loads may be applied to the soil sample. 
 
Cell Fluid 
The cell is usually filled with water but some cells are filled with glycerine and on occasion 
compressed air is used.  The mechanisms used to pressurize the fluid in the cell vary widely 
and will be examined in Article 20.5. 
 
Measurement of Axial Force 
The force applied to the end of the specimen by the loading piston is typically measured on 
the outside of the cell, thus simplifying the equipment greatly but leading to potential errors 
due to friction between the piston and the bushing.  Problems with piston friction are 
discussed in Article 20.4.  Measurements of axial force may utilize a proving ring or an 
electronic load cell. 
 
Drainage Effects 
The strength of soils depends very much on whether or not drainage is allowed under the 
confining and shearing pressures (Article 15.3.5). 
 
Definition of Stresses 

The numerical values of the angle of internal friction (φ) and cohesion (c), derived from the 
triaxial tests, depend on whether the failure envelopes are plotted using total or effective 
stresses (Article 15.3). 
 
 

REDUCTION AND PRESENTATION OF DATA 
Introduction 
There are numerous aspects of the triaxial test that warrant discussion.  It is convenient, 
however, to review the overall procedures for collection and reduction of data first. 
 
Calculation of Stresses 
The cell pressure generally remains constant during a test.   The axial stress is equal to the 
cell pressure (which acts over the end also) plus the stress difference.  The stress difference, 
(σ1- σ3), is the ratio of the force applied by the loading piston, P, to the current horizontal 
area of the sample Aε (where ε denotes the axial strain at the time of interest).  The current 
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area is calculated assuming that the sample remains a right circular cylinder and taking into 
account any volume change that occurs during shear.  Thus: 
 

 
ε−
ν+

=ε 1
1AA 0  (19.1) 

 
where A0 is the area at the beginning of the shearing stage, ν is volumetric strain (positive for 
expansion) given by: 
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V∆

=ν  (19.2) 

 
where ∆ V is the change in volume during shear (positive for expansion), V0 is the volume 
of the sample at the beginning of shear, and ε is axial strain (positive for compression) given 
by: 
 

 
0L
L∆

=ε  (19.3) 

 
where ∆ L is the reduction in length of the sample during shear and L0 is the original length. 
 
There are two convenient ways of obtaining L0.  The best way is to read the length using a 
cathetometer, an optical device like a small telescope, that is mounted on a vertical shaft 
containing a scale.  The telescope is raised on the stand until it focuses on the top of the soil 
sample and a reading is taken on the scale (say in units of inches or centimeters).  Then the 
telescope is lowered to read on the bottom edge of the sample and the scale is read.  The 
difference in scale readings is the length of the sample.  These readings are taken right 
through the transparent walls of the cell so the height of the sample can be determined just 
before the shearing stage begins.  The height can be measured to within about 0.005 inch 
which is an accuracy of 0.2% for a three-inch high sample, and is more accurate than we need.  
A less accurate method is to measure the sample length before the sample is mounted in the 
cell; mount the sample and assemble the cell, bring a loading piston down through the top of 
the cell to contact the sample, attach a dial indicator to the piston and take a zero reading, 
pressurize the cell and (if desired) consolidate the sample, then bring the piston back in 
contact with the sample, take another reading with the dial indicator, and correct the original 
height by the change in dial reading.  This method is less accurate than that based on the 
cathetometer because of the difficulty of bringing the piston to bear on the sample in the same 
way.  Both methods are, however accurate enough for routine testing if they are applied 
carefully.  Of course, if the sample is saturated and is not allowed to consolidate, then the 
original length measured outside the cell and L0 should be the same. 
 
The initial volume (Vi) of the sample can be determined prior to placement of the sample in 
the cell by measuring the height (Li) and diameter (Di) and using: 
 

  i
2

ii L)D(
4

V π
=  (19.4) 

 
If the sample is saturated and is not allowed to consolidate in the cell (no volume change), 
then V0 = Vi.  If the sample is saturated and allowed to drain, then the volume of the water 
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flowing in or out of the sample can be measured ( ∆ V) and: 
 
 V0 = Vi - ∆ V  (19.5) 
 
where ∆ V is positive for water flowing out of the sample.  If the soil is partially saturated, 
then application of cell pressure, causes the air in the sample to compress and the volume to 
decrease.  The only options here are to measure the volume of water flowing into the cell 
itself when it is pressurized, and correct out the volume change of the cell to obtain the 
sample volume change.  Of course, the laboratory can choose to ignore volume change 
under the cell pressure but then an error results in Aε and thus in (σ1- σ3). 
 
During shear, the change in sample length is calculated using the dial indicator and strain is 
calculated using Eq. 19.3.  If the soil is saturated and volume change is allowed during shear, 
then the volume of water flowing in or out of the sample is measured using a pipet or buret 
and Eq. 19.2 is used to calculate volumetric strain.  The average sample area is then 
calculated using Eq. 19.1. 
 
Q-Test on Partially Saturated Clay 
As a first example, consider a Q-type triaxial compression test on a sample of compacted clay. 
The clay, called Grundite, was mixed to a water content near 20% and compacted in a mold 
designed to produce samples with diameters near 1.5 inches and heights near 3.0 inches.  
After compaction, the sample was removed from the mold, weighed, and the height and 
diameter measured using a dial comparator.  The height and diameter were recorded on the 
data form shown in Fig. 19.2 (as Li and Di respectively).  The sample was then placed on a 
solid plastic end cap, a second cap placed on the top, and a prophylactic membrane rolled 
over the entire cap-sample system.  The sample was stored underwater for several days to 
provide a reasonable time for the sample to equilibrate. 
 
A triaxial cell was used with a solid base pedestal to prevent moisture drainage during the test. 
Volume change of the sample was to be measured using a single buret volume change device 
(Article 20.___) so the triaxial cell was initially filled with water and subjected to a series of 
pressures, with the volume change of the cell measured.  The volume change of the sample 
would then be found as the total measured volume change with a sample present, minus the 
volume change of the cell. 
 
After the storage period, the sample was removed from the water bath and the membrane and 
caps removed.   The sample was reweighed to ensure that it had not picked up any moisture 
during storage.  The sample was then placed on the pedestal of the triaxial cell, a top cap 
placed, and a prophylactic membrane rolled down over the cap, sample, and pedestal (the 
sample was stiff enough that it was not disturbed by this process).  Rubber 0-rings were 
snapped over the membrane at the top cap and the pedestal to provide a seal.  The 
membrane was trimmed around the top cap.  The cell was then filled with water, making 
sure not to trap any gas bubbles at the top. 
 
The loading piston was then locked in place and a small confining pressure (usually 5 psi) 
was applied and the single buret volume change measuring device was switched into the 
system. The initial volume change reading was 5.1 cc.  Then a pressure of 90 psi was 
applied. 
 
After giving the sample an hour to come to reasonable equilibrium under the confining 
pressure, the sample height was measured using a cathetometer and found to be 2.980 inches. 
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The original height had been 3.010 inches so the sample underwent an axial strain of (3.010-
2.980)/3.010 = 1.00%.  The reading on the single buret volume change measuring device 
under 90 psi was 14.3 cc (Fig. 19.2).  The inflow of water to the cell was 14.3-5.1= 9.2 cc, 
but the volume change of the cell itself was 6.6 cc so the sample apparently underwent a 
volume decrease of 2.6 cc.   The calculated initial volume of the sample was: 
 
 V = (π/4)(1.511)2(3.010)= 5.397 in3 = 88.45 cc 
 
The volumetric strain under the confining pressure (νc) was thus: 
 

 %94.2
45.88
1006.2

c =
⋅

=ν  

 
If the sample was isotropic (same properties in all directions) and the readings exact, then the 
volumetric strain should have been three times the axial strains ("small strain theory").  The 
volume changes cannot be measured with an accuracy of 0.1 cc for a variety of reasons.  If 
the volume change of the sample had been 2.7 cc instead of 2.6 cc, the volumetric strain 
would have been 3.05%, more than three times the 1% axial strain.  We can conclude, 
therefore, that, within the accuracy of the measurements, the sample was isotropic. 
 
With a known new volume of 88.4-2.6 = 85.8 cc and length of 2.980 inches, an area of 1.751 
s in2 is calculated (Fig. 19.2). 
 
The cell was then mounted in a loading frame. The axial load in the loading piston was 
measured using a proving ring.  The cross head of the loading frame was brought into 
contact with the top of the loading piston and the piston was unlocked.  At this point, the 
piston was not in contact with any part of the cap above the sample.  The press was set at a 
deformation rate of 0.020 inches/minute and turned on.  Proving ring readings were taken 
until an equilibrium value of 15 dial divisions was obtained (Fig. 19.2).  This proving ring 
reading represents the combined effects of cell pressure acting up on the bottom of the piston 
and friction between the piston and the bushing. 
 
The piston was then lowered to make contact with the loading cap and the dial indicator used 
to measure sample deformation was mounted and set to read zero.  The loading press was 
turned on and readings were taken on the proving ring and volume change device at 
preselected amounts of axial deformation (to begin with) and then at convenient times 
thereafter.  The data are shown in Fig. 19.2. 
 
Columns of data were measured/calculated as follows: 
 
Col. 1 measured compression of the sample ( ∆ L). 

Col. 2  ε = ∆ L/L0 in percent (L0 = 2.980 in.) 
Col. 3  reading on the dial indicator mounted in the proving ring. 
Col. 4  compression of the proving ring caused by load applied to the sample, Col. 3 minus 

the proving ring zero reading (15 dial divisions). 
Col. 5  force applied to the sample by the piston, equal to the readings in Col. 4 times the 

proving ring constant (here 0.744 Ibs/div.) 
Col. 6  reading on the single buret volume change measuring device 
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Col. 7  amount of water that has flowed into the cell since the start of the shearing stage 
(Col. 6-11.5 cc). 

Col. 8  volume added to the inside of the cell because the loading piston is gradually 
moving into the cell (for this piston, the volume is 0.0032 cc per dial division of 
movement, with the movement coming from Col. 1). 

Col. 9  sum of readings in Cols. 7 and 8 (rounded to nearest 0.1 cc because readings in Col. 
7 are only accurate to within 0.1 cc). 

Col. 10  volumetric strain (Eq. 19.2) with the positive sign indicating expansion.  Thus, for 
this test. Col. 10 is Col. 9 times (-1/85.8) times 100 (to obtain %). 

Col. 11 area calculated using Eq. 19.1. 
Col. 12  stress difference (Col. 5/Col. 11). 
 
After the test, the entire sample was placed in a moisture can and dried.  The water content 
of the sample was 20.6%.  The stress-strain curves are shown in Fig. 19.3. 
 
It may be noted that few laboratories are set up to measure the volume of water flowing into, 
or out of, a triaxial cell, so most users will assume ∆ ν = 0.  For the test data used here, the 
resulting error would have been 2.3% (confining pressure) plus 3.9% (shear) = 6.2%. 
 
The data form for this test (Fig. 19.2) was set up to provide for detailed calculation of the 
results by hand using say an electronic calculator.  If a programmable calculator is used, 
then a more convenient form would use only columns 1, 2, 3, 6, 10, and 12.  It is more 
convenient yet to use a digital computer and either use a special program to reduce the data 
or use a spreadsheet.  Programs to reduce the data are trivial.  It may be easier to place data 
in a spreadsheet and plot from the spreadsheet or send data to special plotting software.  
With the current rapid evolution in computer software, detailed programs are likely to have a 
short useful life. 
 
The Q-test can be automated further by using an electronic load cell to measure axial load, an 
LVDT, a DCDT, or some similar device, to measure axial deformation, and either not 
measure volume change or use one of the devices discussed in Chapter 20.  In any case, the 
data are recorded and reduced electronically. 
 
S-Test on Saturated Clay 
As an example of an S test, a fully drained triaxial compression test was performed using a 
sample of remolded Goose Lake clay.  A quantity of Goose Lake clay, sufficient for a series 
of triaxial tests, was mixed with an appropriate quantity of water and stored in a moist room 
for a week to hydrate properly.   Samples were then formed by packing the soil into a 
plastic tube with a moveable plug.  The samples were given half an hour to get an initial 
thixotropic set up in the remolding tubes and were then extruded and mounted in triaxial cells.  
The cells were designed to provide drainage out both the top and bottom of the samples, but 
not the sides. 
 
Because of time constraints, the sample was consolidated to its final pressure of 40 psi at 
once (it is usually preferable to consolidate to half of the final pressure prior to applying the 
final pressure for a normally consolidated sample).  The volume change data are shown in 
Table 19.1.  The total volume change is plotted versus the square root of time (Fig. 19.4) 
and t100 (Article 12.16) was found to be about 51 minutes. 
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To find the coefficient of consolidation (used to predict the required shearing time), the 
drainage distance must be known.  The height of this sample was measured to be 3.00 
inches at the beginning of the shearing stage.  The volume of the sample after shearing was 
taken as the sum of the volume of water (determined by drying the sample) and the volume of 
solids, and was 80.83 cc (Fig. 19.5).  The sample decreased in volume by 2.84 cc during 
shear so the volume at the beginning of shear (end of consolidation) was 80.83+2.84= 83.67 
cc. The   volumetric strain during consolidation was (4.47 cc)(100)/83.67=5.34%.  The 
axial strain during consolidation was thus about 5.34/3=1.78% and the length prior to 
consolidation was (3.00)(1.0178)=3.053 inches. The mean length during shear was then 
(1/2)(3.000+3.053) =3.026 inches.  The coefficient of consolidation (Table 12.19) is thus: 
 
 c = π(3.026)2/(4)(51) = 0.045 in2/min 
 
During shear, the mean sample height will be about 90% of the length at the start of shear 
(assume 20% strain at failure), or about 2.70 inches.  A reasonable time to failure (Article 
20._) is thus (Eq. 20._): 
 

 miutes57
)95.01(045.03

70.2
)U1(c
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2
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Data for the shearing stage are shown in Fig. 19.5.  The sample height just prior to the start 
of shear was measured to be 3.000 inches using a cathetometer.  The test was performed at a 
constant rate of deformation of 0.0011 inch/minute and a proving ring was used to read axial 
load.  The initial volume was determined from the final volume, which, in turn, was 
obtained by drying the entire sample after the test (data at the bottom of Fig. 19.5). The data 
form shown in Fig. 19.6 is appropriate for use when data are collected and reduced by hand.  
The calculations are essentially the same as for the Q test. The data were calculated as 
follows: 
 
Col. 1  This is the time at which a reading was taken. 
Col. 2 This is the reading on the dial that records sample compression (1 div. = 0.001 inch) 
Col. 3  Axial strain (ratio) = (Col. 2/1000)/(3.00), multiply by 100 to get percent 
Col. 4  This column actually contains the sum of the readings on two 5-cc capacity burets, 

one attached to the top of the sample and one to the bottom. 
Col. 5  Col. 4 minus 10.00 cc 
Col. 6  Col. 5 times 100 (to get percent) divided by 83.67 cc 
Col. 7  Area, calculated using Eq. 19.1 
Col. 8  Recorded compression of proving ring (1 div. = 0.0001 in.) 
Col. 9 Col. 8 minus the initial reading in Col. 8 
Col. 10 Col. 9 times 0.744 lbs/div. 
Col. 11 Col. 10 divided by Eq. 7 
 
The stress-strain curves are plotted in Fig. 19.6. 
 
R Test on Saturated Clay 
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A sample of glacial till was remolded and consolidated to 20 psi of all around pressure first, 
and then to 40 psi.  The plot of volume change versus root time, for consolidation from 20 
to 40 psi gave t100 = 40.0 minutes.  The sample was drained on all sides.  The data form for 
the shearing stage is shown in Fig. 19.7.  After the test, the sample was placed in a dish and 
weighed (254.93 grams in Fig. 19.7) and was dried and weighed again (232.72 grams).  The 
final dry weight was thus 149.97 grams, and the weight of water in the saturated clay was 
22.21 grams.  The density of solids was 2.60 gm/cc.  The final volume was, therefore, 
22.21 + (149.97/2.60) = 79.89 cc = 4.875 in3.  The height at the start of the shearing stage 
was 2.834 inches so A0 = 4.875/2.834 = 1.720 in2. 
 
At the end of the consolidation stage, the cell pressure was 40 psi and the pore water pressure 
in the sample was zero, so the effective stress was 40 psi.  The pedestal of the triaxial cell 
was equipped with two drainage lines.  At the end of consolidation, the base lines were 
flushed with deaired water to remove any trapped air bubbles.  Note that if the base lines 
contained, air bubbles, then during the shearing stage water could flow out of the sample to 
compress these air bubbles, thus making the sample partially drained.  To ensure that the 
base was saturated, the cell pressure was raised by 10 psi and the pore water pressure in the 
sample measured.  The measured pore water pressure increased by less than 10 psi during 
the first minute so the water pressure was raised in the base pedestal to 10 psi (this process is 
called back-pressuring) and the sample given a period of time to equilibrate (see Article 20.11 
for details).  Several stages of measurement and equilibration and in the end the 
backpressure was 51.5 psi (Fig. 19.7). 
 
For a value of t100 of 40 minutes, a reasonable testing time would be about (Article 20.12) 80 
minutes.  A deformation rate of 0.0056 inch/minute was selected.  Data for the shearing 
stage are shown in Fig. 19.7.  The data are as follows: 
 
Col. 1 time, used later in estimating the accuracy of the pore water pressure measurements 
Col. 2 measured reduction in length of the sample, 1 div.=0.001 inch 

Col. 3 axial strain = 
84.2

100)
1000

2.col( ⋅
 

Col. 4 In this case there is no volume change during shear  (sample is saturated and 
undrained) so Eq. 19.1 is applied with n = 0 

Col. 5 axial load was measured using a proving ring.  This column shows the reading on 
the proving ring dial in units of dial divisions where 1 div.=0.0001 inch) 

Col. 6  Col. 5 minus the initial reading of 140 div. 
Col. 7  Col. 6 times 0.124 lbs/div 
Col. 8  Col. 7 divided by Col. 4 
Col. 9  Pore water pressure measured with a transducer 
Col. 10  Col. 9 minus the initial pore water pressure 
Col. 11  Minor principal effective stress = 40.0 - Col. 10 
Col. 12  Major principal effective stress = Col. 11 + Col. 8 
Col. 13  The socalled A-coefficient = Col. 10 divided by Col. 8 
Col. 14  Col. 12 divided by Col. 11 
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Stress-strain data are plotted in Fig.s 19.8 and 19.9.  Failure in an R test can be defined in 
several ways (Article 15.3.6.2), e.g., the peak stress difference or the peak effective principal 
stress ratio.  For this test, the stress difference never actually peaked even through 
deformation was continued to an axial strain of 24%.  The stress ratio peaked at about 16% 
axial strain.  The testing time to 16% strain was about 90 minutes so the pore water 
pressures should have been known with reasonable accuracy. 
 
Failure Envelopes 
Data from any of the types of tests mentioned above (Q. R, S) can be used to plot failure 
envelopes.  As an example, data for R and S triaxial compression tests on normally 
consolidated, remolded, Champaign till, are summarized in Table 19.1.  Failure conditions 
will be presented as a modified Mohr-Coulomb diagram with (σ1- σ3)f plotted versus  σ3f (the 
compressive strength plotted against the minor principal effective stress at failure).  The 
envelope is presented in Fig. 19.10.  Note that the axes are plotted to different scales in 
order to make the slope come out to a convenient value.  Note also that the failure envelope 
is the same whether it is defined using R or S tests.  The envelope is linear up to about 90 
psi and then seems to flatten slightly.  In the linear range there is no cohesion. If we use the 
test at 90 psi to determine the slope, then: 
 
 tan(Ψ) = 212/90 = 2.356 
 

 O1 7.32
)tan(2

)tan(sin =







Ψ+

Ψ
=φ −  

 
User can plot Mohr-Coulomb diagrams using circles to obtain the same slope, but with a lot 
more effort, and producing a more obscure diagram 
 

Table 19.1 Summary of R and S Tests on Remolded Champaign Till 

Test 
No. 

σ3c 
psi 

σ3f 
psi 

(σ1−σ3)f 
psi 

R-1 5.0 2.9 11.3 
R-2 10.0 5.8 13.0 
R-3 20.0 9.5 20.8 
R-4 40.0 15.0 36.4 
R-5 60.0 24.8 56.0 
R-6 80.0 33.0 79.0 
S-1 5.0 5.0 12.4 
S-2 10.0 10.0 24.2 
S-3 20.0 20.0 46.8 
S-4 40.0 40.0 95.4 
S-5 60.0 60.0 141.1 
S-6 90.0 90.0 212.0 
S-7 120.0 120.0 271.0 

 


