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ABSTRACT 

Triaxial testing is probably the most widely used laboratory test by geotechnical engineers to 
determine the stress-strain-shear strength behaviour of saturated soils. Conventional testing requires 
back pressure saturation to achieve a degree of saturation as close as possible to unity. Following 
saturation, the sample is typically isotropically consolidated by either increasing the cell pressure or 
reducing the back pressure (ideally increasing the cell pressure to prevent dissolution of the air). The 
results of the consolidation phase are then used to select an appropriate strain rate – the rate of axial 
deformation. The requirements for dissipation of pore pressure during a drained test (CD) are widely 
recognised; equally important are the rates of axial straining in a consolidated undrained (CU) test 
and the relation of these strain rates to the anticipated rates of failure in the field.  

A comparison of the current Australian Standard (AS) “informative” method for determination of the 
strain rate in undrained shearing is made with the American and British Standards. The AS suggests 
significantly higher strain rates, which will lead to higher undrained strengths being estimated. 
Estimation of the field strength will require allowance for the difference in strain rates between lab and 
field, an effect which is not well understood. Finally the AS rate is too fast to allow pore pressure 
equalisation prior to failure, and any test involving different stages pre-failure must use a significantly 
slower axial strain rate. 
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1  INTRODUCTION 

In this paper a comparison between the various international testing standards for strain controlled 
effective stress triaxial testing is made. With increasing development and expectations the role of the 
geotechnical engineer is no longer just maintaining stability, but controlling deformations to strict 
tolerances, e.g. (Clayton, 2011). To do this, the engineer needs to characterise the stress-strain-
strength behaviour of the materials involved. The most widely used laboratory method for this is the 
consolidated undrained (CU) triaxial test.  

Unless specified otherwise, the procedure of the triaxial test is governed by the Australian Standard 
(AS1289.6.4.2-1998). When reviewing this standard against other international procedures it was 
found that some discrepancies arise. The implications of this result in a higher strain rate being 
adopted when testing is completed to the Australian Standard. The intention of this paper is to 
highlight this point through some brief comments, based on published results, on the effects of the 
informative method for calculating strain rate in the Australian Standard to design strengths.  

2  TRIAXIAL TESTING PRACTICE 

The procedures for triaxial testing were largely established by Bishop and Henkel (1962). Since the 
1960s there have been considerable advances in instrumentation and measurement and in the use of 
computers for logging and controlling the tests. There have been many conferences and papers 
dealing with the advances in triaxial testing, and the current practice of routine commercial testing is 
arguably best described in Head (1998). National or international standards are typically used by 
commercial laboratories to provide confidence in the results, but for triaxial testing these standards 
are not well developed and there are significant differences between the standards. This paper is 
primarily concerned with one of these differences, which is in the specification of the rate of strain 
during undrained shearing.  
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In routine practice the most common procedure is the isotropically consolidated undrained, CIU, test. 
A typical test involves reapplication of the estimated in-situ stresses, a saturation stage, possibly 
isotropic consolidation, followed by undrained shearing to failure. Conventional undrained triaxial tests 
are conducted primarily to determine the effective stresses at failure, and to provide estimates of the 
undrained strength and soil stiffness. Provided the specimen has height to diameter ratio of 2 and the 
specimen has a high degree of saturation, the effective stresses at failure can be determined 
reasonably accurately. However, the undrained strength is at best an estimate as this parameter 
depends on the moisture content, any soil structure, and the stress path. The requirement for soil 
saturation, to ensure reliable pore pressure measurement, combined with the effects of soil 
disturbance make it unlikely that the moisture content, and hence the undrained strength, will be the 
same as in-situ. If the soil is saturated at a low effective pressure and isotropically consolidated to 
reach the in-situ state then if the soil has any structure this is likely to lead to additional changes in 
moisture content. The soil stiffness obtained from routine triaxial tests is unlikely to be reliable for 
design due to the non-linear soil response as discussed in detail by Atkinson (2000), Clayton (2011) 
and many others. 

Where effective stress parameters are required from consolidated undrained tests, accurate 
measurement of the pore-water pressure is required to determine the effective stresses at failure. The 
pore-water pressure is routinely measured from the base pedestal, e.g. (AS, 1998) and (Head, 1998), 
although measurement at the mid-height is also possible (e.g. Hight, 1982). If the test is conducted 
too quickly the pore-water pressure measured at the base pedestal may not be representative of the 
failure in the centre of the specimen because of non-homogeneity arising from the effects of end 
restraint (e.g. Gens, 1982). A slower strain rate allows time for equalisation of pore-water pressure 
throughout the specimen, and enables the effective stresses at failure to be reliably determined. 
However, it should be noted that the measured pore pressure may be less than the ideal undrained 
response due to the equalisation process.  

Dissipation and equalisation of pore-water pressure can be increased through the use of radial 
drainage. Bishop and Henkel (1962) report a factor of 42 between the time for pore pressure 
dissipation with one-way and all around drainage. With the use of radial drainage however, it should 
be kept in mind that filter paper drains are not infinitely permeable and do not cover the full 
circumference of the specimen. At higher confining pressures the filter paper is compressed 
restricting the flow of water and the effectiveness of radial drains is much less than predicted, with 
radial drainage reducing the dissipation time by about 10 times from that with one-way drainage 
(Ghahremannejad, 2003) and similar results were reported by Leroueil et al, (1988). Radial drainage 
has also been found to result in non-homogenous distributions of water content in samples during 
consolidation unless stresses are raised slowly so as to minimise any excess pore pressures 
(Atkinson et al., 1985).   

Standard test methods for triaxial testing prescribe a constant rate of axial strain throughout the test. 
During axial loading of stiff specimens the controlled rate of axial deformation is likely to result in an 
initial rapid increase in the deviator stress and pore pressure (Atkinson and Evans, 1985, Hight 1982).  
Atkinson and Evans suggest that tests should be initially stress rate controlled to avoid this problem, 
and towards the end of the test there should be a change to strain control.  

A final issue that needs to be considered when selecting a strain rate is that the undrained strength is 
well known to be rate dependent. Casagrande and Wilson (1951) reported an increase in clay 
strength with increasing loading rate in unconfined compression tests, and since then there have 
been many studies showing that the undrained strength increases at a rate of typically 10% (up to 
40%) per log cycle of strain rate (e.g. Sheahan et al. 1996, Diaz-Rodriguez et al. 2009, Chow et al, 
2012). In a comprehensive investigation of the stress-strain behaviour of Boston Blue Clay Sheahan 
et al., (1996) reported that the effects of strain rate were more pronounced in samples with low OCR, 
and Chow et al. (2012) have shown that for normally consolidated samples the effect of rate 
increases with moisture content. As the strain rates in the field are much lower than in the laboratory 
there is potential for undrained strengths to be significantly over-estimated. Nevertheless, Kulhway 
and Mayne (1990) and Ladd and DeGroot (2003) suggest that for conventional loading applications of 
foundation design a suitable triaxial loading rate would be 1%/hour (0.0166%/min). Mair (1993) and 
Atkinson (2000) suggest that characteristic strains in the ground are in the order of 0.01% to 1% and 
with typical construction times of days to weeks this would suggest a strain rate 3 orders of magnitude 
less than in the laboratory.  
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2.1  CALCULATION OF STRAIN RATE 

Triaxial testing involves a number of phases, each of which can, and do have impact on the results. 
Useful results are only obtained where disturbance of the specimen is limited and taken into account. 
The phases of the test itself can be broken down in to 1) saturation 2) consolidation 3) shearing. 
During shearing, the axial displacement rate (strain rate) is typically prescribed based on the results of 
the consolidation phase.  It is this rate, termed the strain rate that is reviewed here. 

The formulae used to evaluate the strain rate are given in Table 1. The current AS method for 
calculation of the strain rate is “informative” only. According to the AS informative method calculation 

of time to failure (tf) is given by Equation (1). The strain rate ( ) is then calculated using Equation (2) 

based on an estimated strain at failure ( f ). Similarly the American Standard Test Method (ASTM, 

2011) for triaxial testing calculates the strain rate using Equation (3) and the British Standard, 
calculates the time to failure (or significant test time) from Equation (4) then the strain rate from 
Equation (5). 

Table 1: Comparison of strain rate calculations. 

  AS1289.6.4.2-
1998 (AS, 1998) 

Eq ASTM D4767-11 
(ASTM, 2011) 

Eq BS1377-8,1990 
(BS, 1990) 
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Where tf is the time to failure, h is the drainage path length, 
x

x
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2

  is the coefficient of 

consolidation calculated from the consolidation phase of the test, tx is the time for x% (e.g. 50%, 90% 
or 100%) consolidation to occur during the consolidation phase, Tx is the time factor for x% 
consolidation. F is a factor based on drainage conditions during consolidation and type of test (e.g. 
drained or undrained). For undrained shearing the values of F applied to the time t100 from the 
consolidation phase are 0.53 for one way drainage, 2.1 for drainage from both ends, 1.8 for radial 
drainage and one end, and 2.3 for radial drainage and both ends (BS, 1990, Clayton et al., 1995). As 
consolidation should occur 4 times quicker with two-way rather than one-way drainage, these factors 
should lead to similar rates of shearing irrespective of the drainage boundary conditions during 
consolidation. It may also be noted that the assumed F values for radial drainage imply radial drains 
are even less effective than reported above. The ASTM standard by contrast makes no clear 
statement about the drainage conditions during the consolidation stage, and care needs to be taken in 
selecting a strain rate based on using t50 in Equation (3). 

As an absolute minimum, Head (1998) suggests a minimum duration of shear of 2 hours. Head 
(1998) also recommends that the BS strain rates are suitable only where the significant reading of 
pore-water pressure is at failure. For stress path testing, or when accurate measurement of pore 
pressure is required at any stage prior to failure the strain rates should be significantly reduced. 

Analyses conducted by the authors using a 1-D consolidation solver suggest that the AS method can 
provide reliable pore pressures at the critical state, however if a peak occurs before the critical state 
at low strains then there is unlikely to be full equalisation of the pore pressures, and certainly the rate 
is likely to be too high for reliable pore pressure measurement at all stages prior to the ultimate.  

3  COMPARISON OF STRAIN RATES 

A sample of 10% bentonite (MX80) and 90% silica silt was reconstituted from slurry (mixed at water 
content of approximately 1.5 times the liquid limit) by one dimensionally consolidating to a vertical 
stress of 100kPa. From the reconstituted cake, a sample with diameter 50mm and height 100mm was 
cut and mounted into the triaxial cell.  

The sample was saturated by simultaneously ramping the cell pressure and back pressure (i.e. pore 
pressure) to 525kPa and 500kPa respectively. To check the B value, the cell pressure was rapidly 
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increased to 575kPa, and the measured change in pore pressure resulted in a B value of 0.99. To 
begin the consolidation phase, the cell pressure was gradually ramped to 775kPa. Consolidation to an 
effective stress of 200kPa was completed in one ramp stage with drainage from one end of the 
specimen only.  

The AS method provides limited advice on the consolidation stage, whereas both the ASTM and BS 
methods place limits on the magnitude of consolidation in any one single stage of 40-50kPa. Where 
the designated effective stress for the test is higher than this the consolidation should be completed in 
stages. Consolidation in a single stepped loading stage should be avoided to minimise disturbance. 
The results of the consolidation phase are shown in Figure 1 – the results can either be presented as 
a plot pore pressure dissipation versus logarithm of time (a) or of volume change versus square root 
time (b).  

 

 

Figure 1: Consolidation phase result (a) log time interpretation (b) square root time interpretation. 

 

Based on the results of the consolidation phase, using the procedures described in each standard the 

strain rates were calculated and are summarised in Table 2. The ASTM and BS methods result in a 

duration of shearing 6 and 5 times that of the AS method, respectively.  

Table 2: Comparison of calculated strain rates. 

t50 t90 t100 h f 

AS1289.6.4.2-1998 ASTM D4767 BS1377-8 

cv tf tf  tf 
[sec] [sec] [sec] [mm] [%] [cm

2
/sec] [sec] [%/min] [sec] [%/min] [sec] [%/min] 

11000 48000 160000 100.26 20 0.0021 18380 0.065 210000 0.0109 91584 0.0134 

Strain rate as a percentage of AS 
method 

100% 17% [~1/6th] 20% [1/5th] 

Duration of shearing (hrs) 5.1 30.5 24.8 

 

As discussed previously it is generally accepted (eg. Hight 1982) that the strain rate does not 
significantly affect the effective stress critical state parameters, because pore pressures are 
measured reliably at this stage of a test. However, the rate does significantly affect the stress path, 
and undrained strength and this is represented schematically in Figure 2. It should be noted that the 
effect of increasing rate shown in this figure occurs even when pore pressures are measured 
accurately from the mid-height of the specimen, but if tests use pore pressures measured at the base 
then the pore pressures will be under-registered leading the apparent effective stress paths to initially 
move further to the right.  
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It is not uncommon for multistage testing to be specified with the intention of getting the most possible 
information from a single soil specimen. The difficulty with this procedure is that there are no sensible 
criteria for when to stop shearing before unloading and consolidating to the next stage. Because of 
increasing non-homogeneity with increased deformation the later stages are usually adversely 
affected by the preceding ones, and the end result is often less useful data than from a single 
shearing test continued to ultimate failure. The use of too high a strain rate leading to unreliable pore 
pressure measurements will exacerbate the difficulties of interpretation of multi-stage tests. 

 
Figure 2: Effect of strain rate on effective stress path and interpreted deviator stress at failure. 

4  DISCUSSION 

An increased strain rate increases the undrained shear strength and for each order of magnitude 
increase in rate an increase in the order of 10% of the undrained strength can be expected (Kulhawy 
and Mayne, 1990). Kulhawy and Mayne also suggest correcting for strain rate in the laboratory to the 
field based on Equation (6). 







log1.01
%1,


u

u

s

s
 

(6)

Where su is the undrained shear strength at strain rate   and %1, us  is the undrained shear strength 

measured in the laboratory for a strain rate of 1%. 

A comparison between national standards for consolidated undrained triaxial testing has been made. 
Differences in the standards in relation to the prescribed strain rate during compression have been 
highlighted. Engineers requesting tests to the current Australia Standard should be aware of such 
discrepancies with the test procedure compared to international practice. The effects of such can be 
related to design strengths based on published results.  

Geotechnical laboratory testing has many difficulties and fine technical details that need to be 
properly captured based on local and international practice if realistic results are to be obtained. With 
the increasing adoption of advanced constitutive models and finite element analysis, the role of 
complex laboratory testing standards also needs to advance. 

In particular it should be noted that the advised rate in AS for CIU tests is too quick for anything other 
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field strength this is not of itself a problem. There is a problem however in estimating the rate effect as 
the factors governing the assumed 10% per log cycle of strain rate are not well quantified. 

5  CONCLUSIONS 

The increasing requirements for accurate prediction of soil deformations has required the use of 
sophisticated soil models in analysis and a demand for more reliable laboratory tests that can 
accurately describe the stress-strain-strength behaviour. While there have been many improvements 
in triaxial testing practice and researchers have shown that careful testing can produce reliable stress-
strain responses, routine practice has not advanced greatly since the 1960s.  

The use of relatively high rates of straining for standard undrained tests leads to unreliable pore 
pressure measurements except at ultimate failure at large strains. The various national standards 
investigated used different procedures to estimate the strain rate and could result in significant 
differences in strain rate and hence undrained strength.  

It is recommended that it is time for a review of triaxial test standards to enable them to provide more 
reliable stress-strain-strength data. 
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