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ABSTRACT: Sensitive soft clay deposits of marine origin are characterized by their peculiar 
nature of being sensitive. Such materials are notorious for sample disturbance. Therefore, 
their characterization is a daunting task.  In geotechnical community there is a wide spread 
agreement that, in particular, a proper strength characterization of sensitive soft clay is 
essential for safer and economical execution of constructions in or on sensitive soft clay 
deposits. Accordingly, this paper focuses on the issues involved in the strength 
characterization of sensitive soft clays using advanced laboratory and field-testing methods. 
       

1. INTRODUCTION 
Decision-making and design processes in 
geotechnical engineering rely heavily on site 
characterization. The best approach for the 
site characterization of fine-grained soils 
(silts and clays) involves a combination of in 
situ testing and laboratory testing of 
undisturbed samples. Site characterization is 
often performed in two steps. The first step 
includes determinations of the soil profile 
and hydrological conditions, which involve 
the identification of the soil types and their 
in situ state, i.e., natural water content, unit 
weight, consistency, void ratio, etc., together 
with the location of the ground water table 
and pore pressure profile along the depth. 
The second step entails an estimation of the 
relevant engineering properties that quantify 
the properties of the soils and are needed for 
design.  
Marine clays that have been subjected to 
leaching by a flow of fresh water, whereby 
the salt ion con-centration in the pore water 
is reduced to 3-5g/l, are called leached 
marine clays. Such clays are characterized 
using its sensitivity (St), which is the ratio 
between undrained shear strength (cu) and 
remolded shear strength (cur). The 
engineering characterization of leached 

marine clays is a challenging task because 
this type of material remolds upon the 
slightest disturbance. Because of this, 
undrained shear strength, stiffness and pre-
consolidation stress is often underestimated  
 

 
Fig. 1(a) Sherbrooke block sampler at NTNU, (b) 
schematic view of a block sample being card, (c) 
waxed sample, (d) schematic view of a sliced sample, 
(3) a block sample slice and (f) a piece of clay from 
block sample.  (Photo: H Amundsen, NTNU) 
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Fig. 2 (left) Undrained triaxial test results (right) 
Incremental and Constant rate of strain odometer test 
results  for a sensitive soft clay. The specimen were 
sampled using tube samplers (54 mm and 73 mm diameter) 
and  the Sherbrooke block sampler. Here OCR is the over 
consolidation ratio, Ip is the plasticity index, St is the 
sensitivity. w is the water content,  e/eo is the change in 
the void ratio, and the strain rate is defined by �̇. 
(Amundsen et al. 2016) 

 
Hence, high quality sampling is essential to 
get a proper understanding of the 
engineering behavior of such clays; one 
alternative is to do block sampling (see Fig. 
1).  In short, characterization based on high 
quality sampling and in-situ testing 
contributes to the safer and economical 
constructions in or on a sensitive soft clay 
deposit. Accordingly, this paper 
concentrates on the strength characterization 
of sensitive soft clays using the advanced 
laboratory and field-testing methods. 
 

2. LABORATORY TESTING 
The most reliable laboratory method to 
assess undrained shear strength 
(compression or extension) is triaxial 
testing. Oedometer test(s) should be 
performed before triaxial testing so that pre-
consolidation pressure of the material is 
known. Pre-consolidation pressure can be 
measured by different methods, including 
Casagrande’s method, Janbu’s method, or 
Salfor’s method. A typical triaxial and 
odometer result for a soft clay is shown in 

Fig. 2. Anisotropically consolidated triaxial 
undrained compression tests (CAUC) and 
oedometer tests were performed on 54mm 
and 73mm diameter tube samples of the 
Rissa clay, and the results are compared with 
those obtained from block samples.  For the 
tube samples, it was found that the 73mm 
tube sampler gives a better result than the 
54mm. The reason for the is because of 
overstraining that occurs when the sampler 
penetrates the soil and when the sample is 
extracted from the tube prior to testing. 
Additionally, the friction between the clay 
and the steel tube causes the outer zone of 
the sample to become remolded. Block 
sampling avoids this type of disturbance; 
however, stress relief may become an issue 
if the sample is extracted from a great depth. 
With increasing stress relief, sensitive soft 
clay samples usually becomes poorer in 
quality. As illustrated in Figure 3, even 
block samples may yield poorer quality if 
they are subjected to stress relief. A low 
plastic soft clay losses most of its residual 
suction (negative pore pressure induced due 
to the stress relief) and swells inside the 
cylinder before testing.  This fact demands 
an understanding of how quickly the suction 
may be lost. The answer to this issue lies in 
the sizes and the inter particle bonding 
between clay particles. Permeable materials 
have a lower tendency to exhibit suction and 
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higher tendency to lose it during and after 
testing. Recent work by Amundsen et al. 
(2016) suggests that sensitive soft clays may 
lose its suction in a matter of some minutes 
to hours depending on the constitution of the 
material. Low plastic sensitive soft clays are 
rich in silt and they tend to lose their suction 
quickly and cause swelling of the sample. 
Despite careful reconsolidation, such 
material will always result in poorer sample 
quality.  
 

 
Fig.3 Stress relief and sample quality of block 
samples on sensitive soft clays 

 
In Fig. (2) an incremental loading (IL with 
24hr load steps) oedometer test and a 
constant rate of strain (CRS – 1.5%/hr) 
odometer test from the same block sample 
are also compared. The pre-consolidation 
stress is 95kPa for the CRS test and 80kPa 
for the IL test, which corresponds to a 16% 
decrease. The pre-consolidation stress from 
CRS oedometer tests is rate dependent and 
may result in a high pre-consolidation stress 
at high strain rates. On the other hand, the 
24hr load duration in IL tests causes creep 
deformations in the soil, which may yield a 
lower pre-consolidation pressure. This will 
impact negatively if one estimates undrained 
shear strength using the SHANSEP formula. 

Knowledge about the in-situ effective stress 
(pore pressure measurement) at the sample 
collection depths for the triaxial tests is 
valuable. In this way, one can estimate an 
accurate over consolidation ratio (OCR), 
which can also be used to find K0' for use in 
triaxial testing. Estimation of the correct K0' 
is demanding. However, one can use the 
approach suggested by Brook and Ireland in 
1965 that provides a relatively easy way to 
estimate K0' based on soil plasticity (Ip) and 
the over consolidation ratio (OCR). Caution 
is needed in using a relatively high K0' 
because this will result in a higher average 
effective stress in the sample, resulting in a 
high active undrained shear strength (cuC). 
As in the odometer test, the results of a 
triaxial test depend on the strain rate (rate 
dependence). An increase in the strain rate 
generally results in increased maximum 
undrained strength and brittle behavior. 
Literature suggests that that there might be a 
factor of approximately 1.5 in the estimate 
cuC for very fast rate to a very slow rate. 
Commonly used strain rates in Norway have 
been 0.7% to 3.0% per hour. In practice, 
there is little difference between these 
experiments, and normally we do not 
distinguish between these strain rate and 
strain softening behavior.  
While estimating cuC from triaxial tests, a 
distinction must be made between dilating 
and contracting behavior. For the tests 
exhibiting contracting behavior (positive 
excess pore pressure build-up during 
testing), it is recommended to obtain cuC at 
the maximum measured shear resistance. In 
many ways, the stress path summarizes all 
major considerations regarding sampling 
and sample disturbance. A test that first 
exhibits a contracting behavior but then 
shows dilation is an indication of sample 
disturbance. In such cases, it is advisable to 
not go beyond the cuC that shows the point 
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representing the transition between 
contractancy and dilatancy. Indeed, dilating 
materials (highly over-consolidated clays) 
often attain high strengths; however, this is 
normally related to high strains. In these 
cases, it is recommended that the cuC is 
defined by a given strain, for example 10%. 
 

3. IN-SITU CHARACTERISATION  
 
The methods applied in field 
characterization of soft sensitive clays 
materials must be chosen based on a cost-
benefit perspective, the applicability of the 
methods for the actual ground conditions 
and the general use of soil data in the project. 
For use in current practice, it is important to 
present recommendations based on the 
experiences and observations made with 
various detection methods. In particular, this 
is valid for the resistivity methods CPTU, 
field vane shear R-CPTU, ERT and AEM, 
where limited experience exists from 
practical use.  
The most common field test to estimate cuC 
is the CPT apart from vane shear testing. In 
Scandinavian countries, the CPT with pore 
pressure measurements (CPTU) is 
considered to be the common method for 
estimating active undrained shear strength 
(cuC) due to its ability to provide information 
that can help in establishing a continuous cuC 
measurement along with the depth. The 
value of cuC is based on three cone factors: 
Nkt, Nu, and Nke. 
The total tip resistance based cuC is 
calculated as 
 

��� =
������

���
                                           (1) 

Here, qT is tip resistance and vo is the total 
vertical pressure. The pore pressure 
measurement based cuC is calculated as  

��� =
�����

�∆�
                                            (2) 

Here u2 is the measured pore pressure and uo 
is the in situ pore pressure. The effective tip 
resistance based cuC is calculated as  

��� =
�����

���
                                            (3) 

 
More information regarding the testing and 
interpretation of the CPTU can be obtained 
in the literature. It is clear from Eqs. 1–3 that 
cuC will depend on the cone factors. Several 
correlations exist for the Nkt, Nke, and Nu 
parameters to calculate cuC. The widely 
accepted method in Norway is compared the 
CPTU with cuC from block samples and 
suggested the cone factors Nkt and Nu based 
on the OCR and soil plasticity index (Ip). 
The Nke parameter was correlated with Bq 
(pore pressure parameter). As listed below, 
suggestions were made for soil having 
sensitivity less than 15: 

  
Nkt =7.8 + 2.5∙logOCR+0.082∙Ip                          (4)           

Nu = 6.9 – 4.0∙logOCR+0.07∙Ip                          (5) 

Nke = 11.5 – 9.05∙Bq                                 (6) 

Bq = 0.88 – 0.51∙log OCR                               (7) 
 
Similar suggestions have been made for 
sensitive soft clays with sensitivity greater 
than 15. Before selecting a value for the cone 
factors, the basis of selection and the 
available information in terms of routine 
investigations, in situ pore pressure, 
odometer, and triaxial tests are needed, and 
the choice of the interpretation method 
needs consideration and justification. 
Moreover, the validity of the interpretation 
of factors Nkt and Nu and especially for Nu 
at low Bq must be considered (Thakur et al. 
2016). 
Vane shear testing is another approach to 
obtained DSS strength at a desired depth.  
The vane shear test has been widely used as 
an in-situ test device in Norway from the 
sixties to the eighties. However, the last 
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decades, its popularity has decreased, partly 
because of the increasing popularity of the 
CPTU-test, but also because of uncertainties 
related to interpretation of the vane shear 
test. It is possible to establish a strong 
relation between the active undrained shear 
strength and the undrained shear strength as 
interpreted from the vane shear test as a 
function of the plasticity index. If is further 
seen that there is a potential for deducing 
OCR from the vane test. There is not a one-
to-one relation between sensitivity as 
measured from the vane test and by the 
falling cone test in the laboratory. The vane 
appears to measure too high values for the 
remolded undrained shear strength. Work on 
the relation between OCR and the VST 
exists in the literature. One of these, Mayne 
and Mitchell (1988), use the SHANSEP 
framework which is based on the relation 
between undrained shear strength and OCR: 
(cu/ σv0’) = a OCRm. By knowing the 
undrained shear strength from the VST 
together with appropriate factors (a and m), 
it is possible to determine OCR. A 
considerable dataset is gathered in Mayne 
and Mitchell (1988) to investigate the 
validity of this approach. The dataset of 
Mayne & Mitchell (1988) show a clear trend 
of increasing cu/ σv0’ for increasing OCR. 
Lines for four α-values (1/a) are included in 
the figure. The three Norwegian clays tested 
here lies within the data trend. α-values in 
the range of 6-8 are indicated. m = 1 is 
assumed in this interpretation (Gylland et al. 
2016).   
In recent years, electric field vane has been 
used in Norway. One key aspect of the 
electric field vane is to established 
mobilized direct shear resistance (cuD) curve 
with vane rotation. The mobilized shear 
resistance is interpreted using 
cuD=6T/(7πD3) where T is the torque.  D is 
the vane diameter. The usefulness of such 

plot is in term of estimation of remolding 
energy (Thakur and Degago 2013), studies 
related to shear band and progressive failure 
(Gylland et al. 2016).  A typical interpreted 
result from an electric field vane test is 
shown in Figure 4.  
 

 
Fig. 4 Mobilized shear stress versus vane rotation for 
a sensitive soft clay. Here,  refers to vane rotation. 
The dotted line is the anticipated shear stress-vane 
rotation curve when  

 
4. DESIGN CONSIDERATIONS 

 
In Norway, total stress analysis ( = 0) is 
mostly used. The validity of the  = 0 
analysis for calculating the “end of 
construction” stability of slopes, cuttings, 
the bearing capacity of footings, and fillings 
on clay has been very well adopted in 
Norway and elsewhere. A pragmatic 
approach to estimate the factor of safety 
from total stress based on the over 
consolidation ratio (OCR) because it seems 
to be a major factor influencing the factor of 
safety in total stress analyses.  
 
Factor of Safety ~ 0.9 OCR 
 
Assessing the pore pressure situation is the 
biggest challenge using the effective stress 
analysis. The effect of natural variations 
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(seasonal variations, extreme precipitation) 
must be accounted for in the form that is 
considered the most unfavorable condition 
based on control over time with an 
extrapolation of efficacy on the pore 
pressure situation related to extreme 
precipitation. Climate-induced changes 
must be taken into consideration in relation 
to changes in future ground water levels. 
The basic premise of adding effective stress 
analysis as a basis for the stability 
assessment of a natural slope is that it is not 
exposed to the geological or artificial 
activities resulting in a deterioration of 
stability.  
 

 
 
Fig. 5 Recommendation for the use of DSS strength 
anisotropy (cuD/cuC)and Passive strength anisotropy 
(cuE/cuC). Here Cu refers to the undrained shear 
strength and subscripts C, E, D are the compression, the 
extension and the direct shear condition. (Thakur et. 
al. 2017). 
 

Strength anisotropy must be considered 
when short-term stability calculations are 
performed using the total stress based 
approach (=0). A recommendation practice 
for use of strength anisotropy is proposed by 
Thakur et al. (2017) and is shown in Figure 
5. Thakur et al. (2017) further show that the 
variation of the strength anisotropy factors 

in the range (cuD/cuC= 0.65 cuE/cuC= 0.33) 
and (cuD/cuC= 0.60 cuE/cuC= 0.30) leads to a 
4 - 8% change in the calculated factor of 
safety. The size of the change is a direct 
result of the relative distribution between the 
active, direct and passive zone for the sliding 
surfaces. For the stability analysis of slopes, 
the passive zone normally constitute a small 
percentage of the sliding surface.  
 

5. CLOSING REMAKRS 
In this paper, an effort has been made to 
illustrate the possibilities and challenges that 
one may encounter while doing the 
characterization of sensitive soft clays in-
situ or in the laboratory. Reliability of the 
derived engineering parameters of sensitive 
soft clays increases with the quality of 
samples and in-situ testing methods. 
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