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ABSTRACT 

The Constant Rate of Strain (CRS) test is currently the most widely used method for 

determination of consolidation parameters in Sweden. These parameters are used to calculate 

the probable settlements and behavior of soils. With the Swedish standard strain rate, the 

duration of a single the test is about 24h, but a higher strain rate would allow for more tests to 

be performed in the same amount of time. For all clays in Sweden, the Swedish standard for the 

CRS test suggests a fixed rate of strain that is independent of soil properties, while the North 

American standard proposes a strain rate that generates a pore pressure ratio of 3-15%.  Soil 

properties such as water content, liquid limit, sensitivity and shear strength vary greatly between 

different regions of Sweden. It would be beneficial if these properties could be used to find the 

ideal strain rate for the CRS test. Performing the tests at a higher strain rate, and thus performing 

more tests within a shorter amount of time, would save both time and money. In this report, 

24 CRS tests are performed on three different clays with distinctive properties. Each clay is 

tested with three different strain rates: the Swedish standard rate of 0.680%/h, a higher rate of 

3.00%/h and a lower rate of 0.154%/h. The results are evaluated according to both standards, 

and are compared and analyzed to determine whether there is any indication that the strain rate 

can be selected based on the soil properties. The results indicate that the selection of the strain 

rate is dependent on the soil properties. In addition, the majority of the tests can be conducted 

with higher strain rates than what is required by the Swedish standard and still manage to lie 

within the 3-15% limit of the pore pressure ratio, which is acceptable for the North American 

standard. However, the preconsolidation pressure does rise with increased strain rates, which 

can generate problems and erroneous results when calculating the settlements. A more extensive 

testing program with CRS tests and full-scale field tests must be carried out before any 

recommendation of a higher strain rate can be made. 

 

Keywords: Constant rate of strain; Pore pressure ratio; Strain rate; Preconsolidation pressure; 

Water content. 
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SAMMANFATTNING 

Den mest använda metoden för bestämning av konsolideringsparametrar i Sverige idag är CRS-

försök. Parametrarna används för beräkning av sättningar. Ett CRS försök enligt svensk 

standard genomförs på ca 24 h, om man istället kan använda en snabbare hastighet kan fler test 

utföras på samma tid. Den svenska standarden för CRS försök föreslår en och samma 

deformationshastighet för Sveriges leror oberoende av lerans specifika egenskaper, medan den 

nordamerikanska standarden föreslår en hastighet som ska generera en portryckskvot mellan 3-

15%. Jordens egenskaper så som t.ex. vattenkvot, flytgräns, sensitivitet och skjuvhållfasthet är 

förhållandevis olika i olika delar av Sverige. Det skulle vara fördelaktigt om dessa egenskaper 

skulle kunna användas för att hitta rätt deformationshastighet för CRS försök. Att utföra test 

med en högre deformationshastighet medför en kortare tid för utförandet av testet vilket sparar 

både tid och pengar. I den här studien är 24 stycken CRS försök utförda på tre typer av lera med 

olika egenskaper. Varje lera är testad med tre olika hastigheter, dels den svenska 

standardhastigheten på 0.680%/h, dels en högre hastighet på 3.00%/h och dels en lägre 

hastighet på 0.154%/h. Resultaten från CRS-försöken har utvärderats enligt både svensk 

standard och nordamerikansk standard och jämförts för att se om det fanns någon indikation 

att deformationshastigheten kan väljas utifrån jordens egenskaper. Resultaten visar att det finns 

indikationer på att jordens egenskaper spelar roll för vilken deformationshastighet CRS försöket 

borde köras med. Dessutom låg majoriteten av testen med den högsta hastigheten inom 

intervallet 3-15% för portryckskvoten, vilket är godtagbart för den nordamerikanska 

standarden. Emellertid ökar förkonsolideringstrycket med ökad hastighet, vilket kan generera 

problem och felaktigheter vid beräkning av sättningar. Fler CRS försök tillsammans med test i 

fält måste genomföras för att kunna ge en rekommendation om en snabbare 

deformationshastighet. 

 

Nyckelord: Constant Rate of Strain; Portryckskvot; Deformationshastighet;  

Förkonsolideringstryck; Vattenkvot. 
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NOMENCLATURE 

 

Abbreviations 

CRS  Constant Rate of Strain 

EOP  End-of-primary 

V1  Vega Borehole 1 

V2  Vega Borehole 2 

ÖF  Östra Frestaby Borehole 1 

PG  Port of Gothenburg Borehole 1 

 

Symbols 

Greek Symbol Explanation    Unit 

𝛽 Beta factor   - 

𝛾 Unit weight                    kN/m3 

𝛾𝑤 Unit weight of water   kN/m3 

𝜖 Axial displacement    m 

𝜀̇ Strain rate    strain/s 

𝜀 Strain    % 

𝜀�̇�  Vertical strain rate imposed on the CRS specimen %/h 

𝜀�̇� Vertical strain rate corresponding to EOP consolidation %/h 

𝜌 Density    kg/m3 

𝜌𝑤 Density of water   kg/m3 

𝜎𝑎,𝑛  Total vertical stress at any given time  Pa 

𝜎′0 In situ vertical stress   Pa 

𝜎′𝑐 Preconsolidation pressure   Pa 

𝜎′𝐿 Limiting pressure   Pa 

𝜎𝑣  Total vertical stress   Pa 

𝜎′𝑣    Effective vertical stress   Pa 

𝜏𝑅 Shear strength of a disturbed stirred clay   Pa 

 

Latin Symbol Explanation    Unit 

𝐴 Area    m2 

𝑐𝑢 Undrained shear strength   Pa 

𝐶𝑘  Hydraulic conductivity change  - 

𝐶𝑐  Compression index   - 

𝐶𝛼  Secondary compression index  -  

𝑐𝑣
 Consolidation coefficient   m2/s 

𝑒0 Initial void ratio   - 

𝑒 Void ratio    - 
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𝐹𝑛 Function to evaluate the importance of transient strain -  

𝑔 Gravitation constant   m/s2 

𝐺𝑠 Specific gravity   - 

ℎ Height    m 

𝐻𝑑  Maximum drainage distance  m 

𝑖 Measured cone penetration  m 

𝑘 Hydraulic conductivity   m/s 

𝑘𝑖𝑛𝑖 Initial hydraulic conductivity of the specimen m/s 

𝐾 Constant, 0.27 for 60° cone and 0.8 for 30° cone - 

𝑚𝑐𝑜𝑛𝑒  Weight of fall cone    kg 

𝑚𝑑 Dry mass of specimen   kg 

𝑚𝑡𝑜𝑡 Initial mass of specimen   kg 

𝑚𝑣 Coefficient of volume compressibility  - 

𝑚𝑤 Mass of water    kg 

𝑀 Compression modulus   Pa 

𝑀0 Initial oedometer modulus  Pa 

𝑀𝐿  Oedometer modulus in linear range  Pa 

𝑀′ Compression modulus   Pa 

𝑃 Vertical force   N 

𝑆𝑡 Sensitivity    - 

𝑡 Time    s 

𝑢𝑏 Base excess pore pressure    Pa 

𝑉 Volume    m3 

𝑤𝑛 Natural water content   % 

𝑤𝑖  Water content of stirred clay at cone penetration 𝑖  % 

𝑤𝐿 Liquid limit   % 
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1 INTRODUCTION 
 

This century has experienced an increase of projects involving complex and large 

constructions, such as high-speed railways, skyscrapers, large tunnels and massive road 

projects. Today these constructions must be built on poor and unstable soil, since the soils 

with stable ground conditions are already occupied with existing structures. It is possible to 

build on these poor ground conditions, however, since the knowledge and understanding of 

how to handle settlements and problems related to these circumstances has developed 

throughout the years. 

 

Information about soil properties and whether the soil is overconsolidated is vital in the design 

of a foundation. Correct information about a soil’s properties can have both economic and 

technical implications. The overconsolidation effect is sometimes so large that the foundation 

method can be changed to a simpler and cheaper option. To decide if the soil is 

overconsolidated, the most important parameter is the preconsolidation pressure, which is the 

maximum pressure the soil has previously been exposed to (Sällfors, 1975). Other 

consolidation parameters of interest is the limiting pressure, pore pressure, coefficient of 

consolidation, compression modulus and hydraulic conductivity. The soil parameters are 

determined by compression tests, usually in Sweden with the Constant Rate of Strain (CRS) 

test (Larsson & Sällfors, 1981, 1986). The CRS apparatus is mainly purposed to handle 

cohesive soil, where the specimen is enclosed in a steel or Teflon ring to prevent lateral 

deformation (Sällfors & Andréasson, 1986). The results from compression experiments form 

the basis of the calculation of settlements, and since these settlements are crucial for the choice 

of foundation method, the soil properties are essential. Internationally, the evaluation method 

for obtaining the preconsolidation pressure from the stress/strain curve is that developed by 

Casagrande (1936), while in Sweden the method is that described by Sällfors (1975). 

 

Since the CRS test was developed, there have been numerous of suggestions for the strain 

rate selection (Smith & Wahls, 1969; Wissa et al., 1971; Sällfors, 1975; Gorman et al., 1978; 

Ozer et al., 2011; ASTM 2012; Mesri & Feng 2012). The goal is to perform the CRS test as 

fast as possible, but not so fast that excessive pore pressure is produced in the specimen. 

According to the Swedish standard, the recommended deformation rate is 0.680%/h (for 

specimen height 22mm) for most types of clay, and slightly less if the clay is very soft. 

However, the standard of the American Society for Testing and Materials, ASTM, proposes 

that the rate should be determined from the relation between the pore-water pressure and 

total vertical pressure, 𝑢𝑏 𝜎𝑣⁄ . This ratio is called the pore pressure ratio, and must lie 

between 3-15%. Other published material on this subject offers recommendations for a 

strain rate that produces a pore pressure ratio from 3-50% (Smith & Wahls, 1969; Wissa et 

al., 1971; Sällfors, 1975; Gorman et al., 1978; Ozer et al., 2011; ASTM 2012; Mesri & Feng 

2012). The main issue with the previous research is that the recommended strain rates or 

limits for the pore pressure ratio are specific to the soil tested. Therefore another method for 

determining the strain rate based on the clay properties, for example water content, liquid 

limit, sensitivity or shear strength would be preferable in order to establish a more general 

recommendation for the strain rate selection.  
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1.1 Purpose and scope 

The main purpose of this thesis is to further investigate the influence of the strain rate on the 

results of CRS tests. By using clays with different properties (e.g. water content, liquid limit, 

sensitivity and shear strength), CRS tests are conducted with three different strain rates. This 

done in order to investigate how the consolidation parameters are affected by different strain 

rates and to determine whether the clay properties can be connected to the selection of strain 

rate. There are three strain rates used: the Swedish standard 0.680%/h, a lower strain rate of 

0.154%/h and a higher strain rate of 3.00%/h. A comparison between the Swedish standard 

and the ASTM standard is conducted, to determine whether the used strain rates is acceptable 

within the range of 𝑢𝑏 𝜎𝑣⁄ =3-15%. 
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2 LITERATURE SURVEY 

2.1 Introduction 

The literature survey is conducted to provide basic knowledge about the CRS test and 

consolidation properties of clay. Furthermore, this chapter aims to describe the dependence 

of the strain rate and factors that can influence soil parameters when performing the tests. An 

overview of the Swedish and ASTM standards and methods for determining soil properties 

are also presented. Finally, all of the above information serves as the basis for the discussion 

and conclusions that stem from the CRS tests performed. 

 

The literature survey is divided into the following parts: 

Section 2.2 outlines the principles of the CRS test and other test methods. 

Section 2.3 describes elementary knowledge about clay. 

Section 2.4 provides information about clay properties and texture limits. 

Section 2.5 lays out the basics of consolidation. 

Section 2.6 details the Swedish and ASTM standards for CRS tests. 

Section 2.7 explains the different parameters that are evaluated from the CRS test. 

Section 2.8 shows how to present the results from the CRS test. 

Section 2.9 offers an explanation of how to evaluate the parameters from the test curves. 

Section 2.10 lists possible parameters that can have an effect on the test results. 

Section 2.11 discusses the dependence of the strain rate, based on existing literature. 

Section 2.12 outlines a short summary of my thoughts about the literature survey.  

2.2 Methods for determining consolidation properties 

2.2.1 Constant Rate of Strain (CRS) test 

Currently, most frequently used method for determining the soil properties of clay in Sweden 

is the CRS test. The basics of the test involve a load applied at the top of the clay specimen 

for the purpose of deforming the specimen with a constant rate of strain (Sällfors, 1975; 

Larsson & Sällfors, 1986; Sällfors & Andréasson, 1986; Magnusson et al., 1989; Swedish 

Standard, 1991; ASTM, 2012). The specimen is drained on the upper surface while the pore 

pressure, 𝑢𝑏, is measured at the specimen’s lower undrained surface. According to the Swedish 

standard, the rate of strain, 𝜀̇, should be set to 0.0025 mm/min, which gives a deformation of 

approximately 18% for 24 hours. The cross sectional area remains unchanged as the sample is 

constrained laterally in a steel ring, while the clay can deform axially between the piston 

applying the force and the rigid plate at the bottom. Drainage is allowed along the upper 

surface of the specimen, and measurement of 𝑢𝑏 along the lower sealed surface. If necessary, 

back pressure can be applied to the system in order to completely saturate the specimen. The 

axial deformation of the specimen begins with a defined constant 𝜀̇, as the transducers 

continuously measure axial deformation, 𝜖, reaction force, 𝑃, 𝑢𝑏 and time, 𝑡, for a 

predetermined interval. The main advantages for the CRS test include the fact that the data is 

continuous and the test finishes considerably faster than an incremental test, which was the 

main method for obtaining consolidation properties before the CRS test was introduced (Muir 

Wood, 2015). However, CRS test results are only reliable if the equipment for the vertical load, 

vertical displacement and pore pressure transducer works accurately and is properly calibrated. 
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2.2.2 Incremental loading test (IL) 

During the last century, different laboratory test methods have been used for determination 

of the compression properties of cohesive soil. The IL method prescribed by Terzaghi was 

generally used before the CRS method. With IL, the load is increased stepwise and doubled 

for every new step, and each step is observed for up to 24 hours (Hamilton & Crawford, 1959; 

Gorman et al., 1978; Head, 1992). The results are then presented with an oedometer curve, 

which shows the relative compression as a function of the effective vertical stress, 𝜎′𝑣, in a 

logarithmic scale. This type of test generates only 6-7 known points where the curve passes. 

This creates a problem because a number of curves can be drawn through these points, 

resulting in several different values for the preconsolidation pressure, 𝜎′𝑐. In contrast, to 

reduce the time interval for the test, the CRS method is a better choice (Sällfors & Andréasson, 

1986). This test provides more complete information about the clay’s compression properties 

within 24 hours than the incremental test yields in 5-8 days. Sällfors (1975) states that the 

reliability of the results from a CRS test is much higher than those of IL tests, since the 

complete stress/strain, 𝜎′𝑣/𝜀, curve is obtained. 

2.2.3 Constant pore pressure gradient (CGT) test 

The CGT test is loaded so that 𝑢𝑏 is kept at a predetermined value throughout the entire test 

(Sällfors, 1975; Gorman et al., 1978). The 𝜎′𝑣/𝜀 curve is obtained if the readings are taken 

from the vertical deformation and the applied stress only, since 𝑢𝑏 is already known. The CGT 

test requires 3-4 days to complete, yielding the same curve as a CRS test manages in 24 hours. 

The CRS and CGT tests are very comparable and generate nearly the same results, until right 

after 𝜎′𝑐 is reached. However, since 𝜎′𝑐 is the most interesting parameter, the CRS test is the 

better alternative as its duration is considerably shorter. 

2.3 Clay 

The geotechnical properties of a clay are the result of the geological history the soil has been 

exposed to (Mataić, 2016). Scandinavia was covered with ice during the Pleistocene, and during 

the withdrawal of the glaciers, rock and loose material was deposited on the seabed. This 

formed the glacial and postglacial sediments which, over time, turned into clay. With respect 

to mineral content, glacial and postglacial clays are quite uniform within large regions in 

Sweden (Larsson, 2008; Karlsson, 1974). The most dominant clay mineral in Sweden is illite, 

but chlorite is also present, along with kaolinite in the most southern parts of Sweden. There 

are three different categories of clay: kaolinites, montmorillonites and illites. From a 

geotechnical perspective, soft sensitive clays are considered as poor ground conditions, which 

in general show properties like high water content, 𝑤𝑛, high void ratio, 𝑒, low hydraulic 

conductivity, 𝑘, and high compressibility (Mataić et al,. 2015). Because of these properties the 

clay has a very long consolidation time. The clay content in a soil is directly correlated with the 

𝑤𝑛 and consequently a soil with high clay content also have high 𝑤𝑛. 

2.3.1 Kaolinite clay 

The particles in kaolinite clay are larger than those of the other two categories, and are built 

up as two-layer molecular sheets (Das & Sobhan, 2013). One sheet consists of silica, and the 

other of alumina. The sheets are firmly bonded to each other and do not take up water. 
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2.3.2 Montmorillonite clay 

Montmorillonite clay consists of three-layer sheets, including two layers of silica and one of 

alumina (Das & Sobhan, 2013). The sheets are poorly bonded to each other, which allows 

water and possible chemical inflow into the sheets. Consequently, the clay expands when 

saturated and shrinks when dried. This can cause problems with consolidation and shear. 

2.3.3 Illite clay 

Illite clay is very similar to montmorillonite clay, containing the same sheet structure. The 

difference is that the molecular bonding between the sheets is much stronger in illite (Das & 

Sobhan, 2013). This makes illite clay less sensitive to consolidation and shear problems than 

montmorillonite clay. 

2.4 Clay properties and texture limits 

When a clay sample is completely stirred, the texture limit of a clay can be determined as a 

grade of firmness and moldability (Karlsson, 1974; Larsson, 2008). What is characteristic about 

cohesive soils is that the soil has a specific consistency when the clay is stirred, e.g. within 

certain limits of 𝑤𝑛 the soil has a plastic texture, while a lower 𝑤𝑛 generates a solid consistency 

and a higher 𝑤𝑛 forms a liquid consistency. Clay with a solid consistency is not conformable 

and produces ductile failure at low deformation, while a sample with plastic consistency is 

malleable and keeps its shape after deformation. The parameters in the following subsections 

are evaluated in this thesis. 

2.4.1 Density 

The density, 𝜌,  

 𝜌 =
𝑚𝑡𝑜𝑡

𝑉
                                  (2.1) 

𝑚𝑡𝑜𝑡 = Initial mass of specimen [kg] 

𝑉 = Volume [m3] 

 

is defined as the ratio between the mass and the volume of a specific amount of soil 

(Karlsson, 1974; Larsson, 2008). 

2.4.2 Natural water content 

The water content, 𝑤𝑛, 

 

  𝑤𝑛 =
𝑚𝑡𝑜𝑡−𝑚𝑑

𝑚𝑑
=

𝑚𝑤

𝑚𝑑
  (2.2) 

 

𝑚𝑑 = Dry mass of specimen [kg]   

𝑚𝑤 = Mass of water [kg] 

 

is defined as the ratio between the mass of water and the solid dry mass of a specified 

volume of soil (Karlsson, 1974; Larsson, 2008). 
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2.4.3 Liquid limit 

The liquid limit, 𝑤𝐿, 

 

 𝑤𝐿 = 𝑀 ∙ 𝑤𝑖 + 𝑁  (2.3) 

 

𝑤𝑖 = Water content of stirred clay at cone penetration 𝑖 [%] 

𝑀, 𝑁 = Coefficients obtained from Table 1 

 

is a definition of the 𝑤𝑛 when the clay goes from a plastic to a liquid state (Das & Sobhan, 

2013). The value of 𝑤𝐿 can be determined by a fall cone test, where a 60° cone falls into a 

bowl of completely stirred clay (Karlsson, 1974; Larsson, 2008). This method is only valid if 

the cone penetration depth is in the range of 7.0-14.9 mm. If the outcome does not satisfy this 

condition, then 𝑤𝑛 must be either increased or decreased (Table 1). 

2.4.4 Sensitivity 

The sensitivity, 𝑆𝑡,  

 

  𝑆𝑡 =
𝑐𝑢

𝜏𝑅
   (2.4) 

 

𝑐𝑢 = Undrained shear strength [Pa] 

𝜏𝑅 = Shear strength of a disturbed stirred clay [Pa] 

 

is an important factor for the classification of clay and its behavior in the field (Bjerrum, 1974; 

Karlsson, 1974; Karlsson, 2008). The clay can be classified as low, middle or high sensitive 

(Table 2). The classification is usually determined in the laboratory with fall cone tests. 

 

Table 1 - The connection between cone penetration i (60° cone) and the factors M and N. 

                        

 𝒊 mm 0 1 2 3 4 5 6 7 8 9 

7, 
M 1.21 1.20 1.19 1.18 1.17 1.16 1.15 1.14 1.14 1.13 

N -3.5 -3.4 -3.2 -3.0 -2.9 -2.7 -2.6 -2.5 -2.3 -2.2 

8, 
M 1.12 1.11 1.11 1.10 1.10 1.09 1.08 1.07 1.07 1.06 

N -2.1 -1.9 -1.8 -1.7 -1.6 -1.4 -1.3 -1.2 -1.1 -1.0 

9, 
M 1.05 1.05 1.04 1.04 1.03 1.03 1.02 1.01 1.01 1,00 

N -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.3 -0.2 -0.1 

10, 
M 1.00 1.00 0.99 0.99 0.98 0.98 0.97 0.97 0.96 0.96 

N +-0 +0.1 +0.2 +0.2 +0.3 +0.4 +0.5 +0.5 +0.6 +0.7 

11, 
M 0.96 0.95 0.95 0.94 0.94 0.94 0.93 0.93 0.93 0.92 

N +0.7 +0.8 +0.9 +0.9 +1.0 +1.1 +1.1 +1.2 +1.3 +1.3 

12, 
M 0.92 0.92 0.91 0.91 0.91 0.9 0.9 0.9 0.89 0.89 

N +1.4 +1.4 +1.5 +1.5 +1.6 +1.7 +1.7 +1.8 +1.8 +1.9 

13, 
M 0.89 0.88 0.88 0.88 0.88 0.87 0.87 0.87 0.87 0.86 

N +1.9 +2.0 +2.0 +2.1 +2.1 +2.2 +2.2 +2.2 +2.3 +2.3 

14, 
M 0.86 0.86 0.86 0.85 0.85 0.85 0.85 0.84 0.84 0.84 

N +2.4 +2.4 +2.5 +2.5 +2.5 +2.6 +2.6 +2.7 +2.7 +2.7 
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Table 2 - Classification of clay with sensitivity 

    

Name Sensitivity 

Low  <10 

Middle 10-30 

High >30 

 

2.4.5 Undrained shear strength 

The undrained shear strength, 𝑐𝑢,  

 

 𝑐𝑢 =
𝐾∙𝑚𝑐𝑜𝑛𝑒∙𝑔

𝑖2   (2.5) 

 

𝑔 = Gravitation constant [m/s2] 

𝑖 = Measured cone penetration [m] 

𝐾 = Constant, 0.27 for 60° cone and 0.8 for 30° cone [-] 

𝑚𝑐𝑜𝑛𝑒 = Weight of fall cone [kg] 

 

is the value of the shear stress when a failure occurs (Karlsson, 2008). 

2.5 Consolidation 

Consolidation of a soil can be explained as a reduction in volume due to the dissipation of 

water. When the clay is subjected to a compressive stress, the volume change can take place in 

three ways: compression of the grains, compression of the water between the grain particles 

and an outflow of water from the voids, where the first two are very unusual and can be 

ignored (Head, 1992). The main principle of the consolidation process is based on the third 

cause, dissipation of water from a fully saturated soil. In a soil with very high 𝑘, (e.g. sand), the 

dissipation of water will occur quickly, but in clay where 𝑘 can be extremely low, the dissipation 

will follow very slowly. The volume decrease is time dependent, and is usually divided into two 

parts, primary and secondary consolidation (Sällfors & Andréasson, 1986). Primary 

consolidation is the volume decrease caused by the low 𝑘 of the soil layer. This consolidation 

is said to continue until 𝑢𝑏 has been equalized. Secondary consolidation is the creep 

deformation occurring after the primary consolidation. Both phases of consolidation are 

caused by the dissipation of water, but the secondary consolidation process is extremely slow, 

such that 𝑘 of the soil does not affect the time course. 

2.5.1 Overconsolidation 

Overconsolidated clays are described as clays that have been exposed to a larger load than the 

present. Nagaraj and Srinivasa Murthy (1985) cited the following mechanisms as a cause for 

the overconsolidation effect: Firstly, an increase of 𝑢𝑏 or a decrease of total stress, 𝜎𝑣, will 

reduce 𝜎′𝑣, which results in a stress-dependent 𝜎′𝑐. Secondly, deviations in the 𝜀̇, of loading, 

ageing and secondary compression can be the source of changes in the soil structure. This also 

produces a 𝜎′𝑐 that is time dependent. Finally, the environmental and chemical factors acting 
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as cementing agents can lead to a false 𝜎′𝑐. The larger overconsolidation ratio of a soil, the 

better the soil will handle additional loads without any major settlements (Magnusson et al., 

1989). Clay which is overconsolidated is relatively common, and in many cases constructions 

can be built directly on this soil without any measures to reduce the settlements. For this 

reason, it is of great importance to determine 𝜎′𝑐 with high accuracy. 

2.5.2 Young normally consolidated clay 

According to Bjerrum (1974), young normally consolidated clay can be classified as a clay that 

has recently been deposited and has reached an equilibrium under its own weight without 

enduring any secondary consolidation. This type of clay can only carry the weight of the 

overburden soil, and any additional weight will cause large settlements. When carrying out a 

consolidation test of this clay, the bend on the 𝜎′𝑣/𝜀 curve occurs when 𝜎′𝑐 = In situ vertical 

stress, 𝜎′
0 (Figure 1). 

2.5.3 Aged normally consolidated clay 

When a young normally consolidated clay is left with constant 𝜎′𝑣 for hundreds of years, 

secondary consolidation will continue (Bjerrum, 1974). This causes a stronger resistance for 

future loading without any major change in volume. If this aged clay is tested in a consolidation 

test, the bend on the 𝜎′𝑣/𝜀 curve occurs at a higher stress than 𝜎′0 (Figure 1). 

 

 

 
Figure 1 - Diagram describing the geological history and the compressibility of "young" and "aged" normally 

consolidated clay (Bjerrum 1974). 
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2.6 Standards for CRS consolidation tests 

2.6.1 Swedish standard 

The Swedish standard (1991) for CRS tests contains information with a step-by-step 

description of how to perform a CRS test. For the presentation of the results from the test, 

the Swedish standard indicates that these should be evaluated by a computer program and 

presented in diagrams with five different curves, as shown in section 2.8 Presentation of data from 

CRS tests. 

 

Selection of strain rate 

The recommended 𝜀̇ is 0.0025 mm/min, where an 18% deformation of the sample is obtained 

in 24 hours if the height of the specimen is 20 mm. However, the selected rate should be lower 

if the clay is very soft or muddy. To be able to select the lower rate, the measured 𝑢𝑏 must be 

supervised and cannot exceed 10% of 𝜎𝑣. On the other hand, 𝑢𝑏 can be higher in some parts 

of the test, but not more than 20% of 𝜎𝑣. 

2.6.2 ASTM standard 

The ASTM standard (ASTM, 2012) for the CRS test is called “Standard Test Method for One-

dimensional Consolidation Properties of Saturated Cohesive Soils Using Controlled-Strain Loading” and is 

an internationally approved standard that is used worldwide. The standard describes in detail 

the test method, the significance of the test and how the apparatus is used. It also gives an 

explanation of calibration, sampling, calculations and how to handle the samples with regard 

to temperature and cautiousness. 

 

Selection of strain rate 

Concerning 𝜀̇, the ASTM standard states that cohesive soils are strain-rate dependent. 

Therefore, 𝜀̇ has a large impact in the CRS test. The method places limits on 𝜀̇ in order to 

generate results that can be compared with the incremental consolidation test. The selection 

of an appropriate 𝜀̇ is determined with the intention to produce a pore pressure ratio, 𝑢𝑏 𝜎𝑣⁄ , 

between 3% and 15% in the normally consolidated range throughout the loading phase of the 

test (Mesri & Feng, 2012). Values for 𝑢𝑏 𝜎𝑣⁄  higher than 15% is unacceptable to assure a fairly 

uniform distribution of 𝑒 and 𝜎′𝑐  condition through the specimen height. When testing a new 

unidentified sample, it can be useful to change the rates during the first test and monitor 𝑢𝑏 

to obtain an appropriate 𝜀̇.  

 

Current assumptions for the ASTM standard 

The assumptions for the equations and arguments put forward in the ASTM standard are 

based on the following: 

 The soil must be completely saturated and homogenous. 

 Water and the compressibility of the soil particles are insignificant. 

 The flow of pore-water will only take place in a vertical direction. 

 The Darcy law is applied for flow through porous media. 

 The relation between hydraulic conductivity and compressibility is constant 
throughout the specimen during the time interval between each reading. 

 In the base excess pressure measurement system, the compressibility is 
negligible if a comparison is made with the soil being tested. 
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Temperature 

The ASTM standard (2012) emphasizes that it is important for the temperature to be 

maintained constant during the test, and that it must not diverge more than ±3°. This applies 

to the room, the water in the CRS cell and the soil specimen. Therefore, the testing equipment 

is recommended to be placed in a room with constant temperature. If the temperature varies, 

some type of thermostat that regulates the temperature is suggested to be installed. 

 

Transient strain and Function 𝐹𝑛  

The ASTM standard (ASTM, 2012) relates only to steady state conditions, therefore the 

function, 𝐹𝑛, 

 

  𝐹𝑛 =
(𝜎𝑎,𝑛−𝜎𝑎,1)−(𝑢𝑏,𝑛−𝑢𝑏,1)

𝜎𝑎,𝑛−𝜎𝑎,1
   (2.6) 

 

𝜎𝑎,𝑛= Total axial stress at any given time [Pa] 

 

is used to assure that this is fulfilled. The function evaluates the significance of the transient 

strain, whereby if the value exceeds 0.4 the transient conditions are sufficiently small and the 

calculation can be continued with the steady state conditions. 

2.7 Parameters evaluated from the CRS test 

2.7.1 Preconsolidation pressure 

To evaluate 𝜎′𝑐 the 𝜎′𝑣/𝜀 curve attained from the CRS test is used, 𝜎′𝑐 represents an indication 

of the maximum vertical pressure the soil has previously been exposed to (Gorman et al., 

1978). From the 𝜎′𝑣/𝜀 curve it can be found that the compression at low loads is quite 

moderate, while when 𝜎′𝑣 exceeds a certain level, the compression increases considerably and 

the compression modulus, 𝑀, reduces suddenly. This level where 𝑀 changes is the value of 

𝜎′𝑐. At this stress level, a significant change in compressibility is obtained. Nevertheless, the 

change is not immediate enough to allow for its exact determination. The gradual increase in 

compressibility indicates a range where the 𝜎′𝑐 will possibly lie. More precisely, stresses lower 

than 𝜎′𝑐 lead to small changes in 𝜀, and higher stresses lead to large changes (Sällfors & 

Andréasson, 1986). If a soil has a 𝜎′𝑐 equal to the actual stress affecting the soil, then it is called 

normally consolidated, while a soil is considered overconsolidated if 𝜎′𝑐 is higher than the 

current 𝜎′𝑣.  

2.7.2 Coefficient of consolidation 

The coefficient of consolidation, 𝑐𝑣, 

 

 𝑐𝑣 =
𝑘∙𝑀

𝑔∙𝜌𝑤
     (2.7) 

 

𝜌𝑤 = Density of water, [kg/m3] 

 



 
 

12 
 

is a function of both 𝑀 and 𝑘, where 𝑀 is the most dominant variable in the equation. The 

deformation increases rapidly after 𝜎′𝑐, and the shape of the 𝑐𝑣-curve depends on the 

relationship between an increase in 𝑀 and decrease in 𝑘 (Larsson & Sällfors, 1986). If 𝑀 

remains constant, the value of 𝑐𝑣 will become smaller and smaller. The value of 𝑐𝑣 is dependent 

on 𝜀̇ according to Gorman (1981), especially on the first part of the curve; a higher 𝜀̇ here 

results in higher values of 𝑐𝑣, but as the 𝜎𝑣 increases, 𝑐𝑣 for the different 𝜀̇ seems to converge. 

The higher the 𝜀̇, the higher the value of 𝜎′𝑣 is needed for the curve to converge to the other 

curves. This phenomenon is caused by two factors, the first factor, 𝑘 decreases with a 

decreasing 𝑒. Since the sample is completely strained 𝑒 will decrease along with 𝑘, which tends 

to decrease 𝑐𝑣. For this reason, as the 𝜀̇ increases, 𝑐𝑣 at a given value of 𝜎′𝑣 must also increase. 

The second factor involves the assumption of the 𝜎′𝑣/𝜀 relationship for the clay that is tested. 

To obtain the equation for 𝑐𝑣, 

 

     𝑐𝑣 =
𝑑𝜎′

𝑑𝑡
∙

ℎ2

2𝑢𝑏
     (2.8) 

𝑑𝜎′

𝑑𝑡
  = Loading velocity, [Pa/s] 

ℎ = Height of the specimen, [m] 

 

an assumption of a linear stress-strain relationship is made (2.9), where 𝑚𝑣 is the coefficient 

of volume compressibility. 

 

 𝑚𝑣 =
∆𝜖

∆𝜎′𝑣
   (2.9) 

 

∆𝜖  = Change in strain in time interval ∆𝑡 [-] 

∆𝜎′𝑣  = Change in effective vertical stress in time interval ∆𝑡 [-] 

 

These calculations and assumptions were questioned by Wissa et al. (1971), who instead 

presented a nonlinear relationship for 𝑐𝑣 (2.10). 

 

 𝑐𝑣 =  
∆𝜖

∆(log 𝜎′
𝑣)

   (2.10) 

 

 
Figure 2 - Comparison of the linear and nonlinear theories of 𝑐𝑣  (Wissa et al., 1971). 
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The conclusion is that the difference between the linear and nonlinear theories is a function 

of 𝑢𝑏 𝜎𝑣⁄  (Figure 2). The two solutions diverge as the ratio of 𝑢𝑏 𝜎𝑣⁄  increases, and the 

comparison shows that the lower the value of 𝑢𝑏 𝜎𝑣⁄ , the smaller the difference between the 

linear and the nonlinear theories. The main solution to deal with this problem was suggested 

by Gorman (1981) and verified by Mesri & Feng (2012), and entails limiting the value of 

𝑢𝑏 𝜎𝑣⁄ . However, the problem is that a CRS test must be performed with some changes in 𝜀̇ 

during the test, in order to achieve the proper rate where 𝑢𝑏 𝜎𝑣⁄  is at an appropriate level. As 

the ratio is not constant during the whole test, it must be plotted against 𝜎′𝑣. 

2.7.3 Hydraulic conductivity 

The description of 𝑘 is the ability to transfer a fluid throughout the clay under pressure 

(Larsson, 2008). The 𝑘 can vary in vertical and horizontal directions, as the water flows in the 

voids between the particles. The result is that the larger the particles are, the larger the flow 

can be between them. To calculate, 𝑘, 

 

 𝑘 =
𝑔∙𝜌𝑤∙ℎ

2∙𝑢𝑏
∙

𝑑𝜖

𝑑𝑡
  (2.11) 

𝑑𝜖

𝑑𝑡
= Compression rate, [1/s] 

 

the 𝑢𝑏 is used, and the pore water distribution along the sample is assumed to be parabolic 

(Larsson & Sällfors, 1986). The value of 𝑘 is then connected to the average deformation of 

the sample. This value must be corrected with respect to the temperature in the laboratory, 

since the viscosity of water changes when temperature rises. The laboratory temperature is 

usually around 20°C, and in situ it is approximately 7°C. The CRS test and falling cone test are 

the most common methods to determine 𝑘, but any exact values of 𝑘 is not possible without 

a very large volume of soil, or in an even better scenario, measurement in situ.  

2.8 Presentation of data from CRS tests 

During the CRS-test the, 𝑃, 𝜀, and 𝑢𝑏 are measured continuously at a determined interval. 

This generates large amounts of data, which must be evaluated with a computer program. The 

results should be presented in the following diagrams, according to the Swedish standard 

(1991) for CRS tests. 

2.8.1 Strain 

Should be drawn with linear scales, 𝜀 = 𝑓(𝜎′
𝑣), (Figure 3). 

 

 𝜎′
𝑣 =

𝑃

𝐴
−

2

3
𝑢𝑏      (2.12) 

𝐴 = Area of the sample [m2] 

2.8.2 Coefficient of consolidation 

The calculation of 𝑐𝑣 is performed according to Equation 2.7, 𝑐𝑣 = 𝑓(𝜎′
𝑣). The value of 

𝜎′
𝑣 is drawn on a linear scale and 𝑐𝑣 on a logarithmic scale (Figure 4).  
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2.8.3 Compression modulus 

Should be drawn with linear scales, 𝑀 = 𝑓(𝜎′
𝑣). Calculation of the compression modulus, 𝑀, 

 

 𝑀 =
𝑑𝜎′

𝑣

𝑑𝜀
   (2.13)  

 

is performed with linear regression with at least 5-9 values (Figure 5). 

2.8.4 Pore pressure 

Should be drawn on a linear scale, 𝑢𝑏 = 𝑓(𝜎′
𝑣),  (Figure 6). 

2.8.5 Hydraulic conductivity 

Should be plotted on a logarithmic scale and 𝜀 on a linear scale, 𝑘 = 𝑓(𝜀), calculated according 

to Equation 2.11 (Figure 7). 

 

 

 

        

 Figure 3 - Stress/strain 

  

 

 
Figure 4 – Coefficient of consolidation 

 

 
Figure 5 – Compression modulus 
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               Figure 6 - Pore pressure Figure 7 - Hydraulic conductivity 

 

2.9 Evaluation of parameters 

When evaluating the consolidation parameters, usually the method of Casagrande is used 

internationally, and in Sweden, Sällfors method. Both are described in detail in the following 

sections. The reason for the evaluation is to find the position on the curve where the soil 

condition goes from elastic to elasto-plastic. In both methods the maximum curvature of the 

𝜎′𝑣/𝜀 curve is to be pointed out, and with different mathematical solutions evaluation of the 

consolidation parameters are based from that point.    

2.9.1 Preconsolidation pressure - Sällfors method 

The method Sällfors (1975) described for determination of  𝜎′𝑐 is the method that is generally 

used in Sweden. The value of 𝜎′𝑐 is evaluated from the 𝜎′𝑣/𝜀 curve, and in general, 10kPa 

𝜎′𝑣 on the x-axis represents 1% compression on the y-axis. To determine 𝜎′𝑐 practically, the 

first and second linear parts of the curve are extended, and a connection between the two lines 

is drawn. In the triangular area between these two lines and the 𝜎′𝑣/𝜀 curve, a tangent to the 

inflection point is drawn to create an isosceles triangle. The intersection between the tangent 

and the first line drawn, which is the extension of the first straight part of the curve, now 

represents 𝜎′𝑐 (Figure 8). This point has shown to be relatively insensitive to minor 

disturbances of the specimen. Furthermore, the method is easy to practice and is independent 

of the person performing and evaluating the tests. 
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2.9.2 Limiting pressure - Sällfors method 

When the determination of 𝜎′𝑐  is complete, the curve for stresses higher than 𝜎′𝑐 is moved 

horizontally to the left a distance of 𝑐, so that the curve intersects with the value determined 

for 𝜎′𝑐. To determine the limiting pressure, 𝜎′𝐿, a horizontal line is drawn where the 

oedometer curve begins to deviate from the linear part of the line beyond 𝜎′𝑐. The intersection 

between this line and the line moved horizontally the distance of 𝑐, now represents 𝜎′𝐿  (Figure 

9). 

2.9.3 Compression modulus - Sällfors method 

The curve of 𝑀 is distributed into three parts. The first is the stress interval until 𝜎′𝑐 is met, 

where the modulus is called 𝑀0, the second is from 𝜎′𝑐  to 𝜎′𝐿, where the modulus is called 

𝑀𝐿 and the third part is the stress interval larger than 𝜎′𝐿, which is called 𝑀′(Figure 10). The 

modulus is simply the inclination of the curve, 𝑑𝜎′ 𝑑𝜀⁄ . The parameter 𝑀0 is seldom used 

because 𝑀 is always too low compared with the initial in situ modulus. The reason for this lies 

in the disturbance of the clay from sampling, poor fitting in the CRS-ring and swelling. To 

achieve a proper test result for 𝑀0, Larsson and Sällfors (1986) suggest that the sample should 

be unloaded when the preconsolidation pressure is just exceeded, which allows the clay to 

swell before it is reloaded again. The value of 𝑀0 can then be taken from the reloading curve 

with a much more accurate result. 

2.9.4 Hydraulic conductivity - Sällfors method  

The value 𝑘 of a soil decreases with a higher compression rate, and therefore 𝑒 is also reduced 

(Larsson & Sällfors, 1986). After some time and irregularities at the beginning of the test, the 

𝑘-𝜀 curve becomes a straight line if the diagram is a semi-log plot. To evaluate 𝑘 from the log 

𝑘-𝜀 curve, a straight line is fitted to the original curve. The intersection between the straight 

line and the x-axis where 𝜀 is zero gives the initial hydraulic conductivity, 𝑘𝑖. Additionally, the 

decrease of 𝑘 with increased 𝜀 is evaluated with the factor 𝛽 (Figure 11). 

 

 𝛽 = −
∆log 𝑘

∆𝜀
                        (2.14) 

 

The value of 𝑘 is dependent on temperature, since the viscosity of the water changes with 

temperature (Ahmadi et al., 2014). If the CRS-trials have been performed at regular room 

temperature, the measured values of 𝑘 should be reduced by a factor of 0.7. This factor 

corresponds to a temperature in the soil of approximately 7°C. Higher 𝑘 allows a higher 𝜀̇. 
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Figure 8 - Evaluation of the preconsolidation pressure 

 
 

 
Figure 9 - Evaluation of the limiting pressure 

 

 

 
Figure 10 - Evaluation of the modulus 

𝑀0 

 

 

𝑀𝐿 

𝜎′𝑐 

𝜎′
𝐿 
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Figure 11 - Evaluation of the initial hydraulic conductivity 

 

2.9.5 Preconsolidation pressure - Casagrande 

There is a graphical solution for generating an approximate value for 𝜎′𝑐, established by 

Casagrande (1936). With this method, 𝜎′𝑣  is drawn against 𝑒, where the start value for the 

curve is the initial void ratio, 𝑒0 (Equation 2.15), followed by the value of 𝑒 for every point of 

collected data (Equation 2.16). 

 

 𝑒0 = 𝑤0 ∙ 𝐺𝑠  (2.15) 

 

𝐺𝑠 = Specific gravity, approximately 2.7 for clay soils [-] 

 

 𝑒 = 𝑒0 −
𝜖

𝐻𝑠
  (2.16) 

 𝐻𝑠 = 
ℎ

1+𝑒0
  (2.17) 

 

Firstly, the position on the curve with the maximum curvature is marked as point A (Figure 

12). At this position, the tangent to the curve and a straight horizontal line from A are drawn. 

Secondly, the bisector between the tangent and the horizontal line is drawn. Finally, the linear 

part of the curve, after the point where the maximum curvature is located, is extended. The 

position where the extended line and the bisector cross is then evaluated as 𝜎′𝑐. The method 

of Casagrande is originally designed for the IL test, which is performed at a very low 𝜀̇ since  

𝑘𝑖 

∆𝜀 

-∆log 𝑘 

 
𝜀 

[%
] 
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Figure 12 - Evaluation of the preconsolidation pressure 

 

one complete test has a duration of approximately one week (Gorman et al., 1978). The 

method should not, however, be considered 100% accurate, as it is more an approach for 

determining a range where 𝜎′𝑐 probably lies. According to Swedish praxis, the method of 

Casagrande should not be used on CRS test, but only IL tests (Sällfors & Andréasson, 1986). 

Although there have been many proposed methods for the evaluation of the consolidation 

parameters, the method by Casagrande is still the most widely used method for determination 

of the consolidation parameters in the world (Hammam et al., 2015).   

2.10 Factors that may impact the test results 

2.10.1 Sample disturbance 

It is very important that the samples from the investigated area are representative of the entire 

soil volume, and that the results from the CRS test are interpreted accurately (Magnusson et 

al., 1989, Karlsson et al,. 2016). Crucial factors for generating an accurate test with reliable 

results include the fact that the samples should not be disturbed, the laboratory tests must be 

performed and analyzed correctly and that the model must be a good representation of reality. 

At site, the clay lie in the ground in equilibrium under unequal principal stresses (Hamilton & 

Crawford, 1959). 
 

However, when sampling is performed the principal stresses change, and this is likely one 

factor that can cause a discrepancy in the results between laboratory and field tests (Mataić, 

2016). Consequently, the most obvious reason for disturbance during the test is when the 

piston sampler penetrates and cuts the clay sample in the clay deposit (Magnusson et al., 1989). 

This leads to overstressing and overstraining of the soil during sampling. Accordingly, clays 

with low plasticity and low 𝑆𝑡 are the most sensitive to sampling. In Sweden, the most common 

piston sampler is St I for the undisturbed clay samples, and this method produces samples of 

50 cm divided into three cores for each sampling level. These cores are called the upper, middle 

and lower core. The upper core is the worst due to the disturbance when the core is extracted, 

 

𝜎′𝑐 
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while the middle core and the upper part of the lower core contain the best samples with the 

least disturbance. The quality of the samples depends on several elements, namely: 

  

 The speed when driving down the piston sampler; slower speed yields better 
samples. 

 The shape of the piston sampler, and whether the finished samples are handled 
carefully during transport to the laboratory. 

 The temperature, which should be held low, but never below 0°C. 
 

Sampling in layered soil is very difficult, and even if the criteria indicated above are fulfilled, it 

is possible that the samples may be disturbed anyway. The ASTM standard (ASTM, 2012) 

states that no sampling procedure can assure a perfectly undisturbed sample, therefore it is 

very important to carefully examine the sample and select the part of the sample with the 

highest quality of soil. This is essential to create reliable and satisfactory results. Karlsson et al. 

(2016) showed simulations with substantially larger settlements and lateral displacements than 

predicted from the Swedish piston sampler.  

2.10.2 Transport and storage 

It is extremely important that the soil samples are carefully handled and stored such that no 

moisture will be lost or gained (ASTM, 2012). A short storage time is favorable, and the 

temperature of the samples should be held constant while avoiding extremely high or low 

temperatures. 

2.10.3 Friction 

Both the technique when performing the CRS tests and the apparatus itself can have an effect 

on the test results (Sällfors, 1975; Mataić, 2016). It was pointed out by Sällfors (1975) that the 

friction between the soil sample and the confinement steel ring also affects the test results. 

The frictional loss increases during the test, from a value of 10% in the beginning of the test 

to 20% at the end. A measure to avoid, or at least to decrease this problem is therefore to use 

a lubricating gel on the inside of the ring, or to use a confinement ring made of Teflon instead 

of steel. The frictional loss does not seem to be affected by the 𝜀̇ in the test. Mataić (2016) 

showed how friction can also cause disturbance during the sample extraction from the tubes. 

2.10.4 Soil composition 

The compressibility of a soil depends on its composition and structure, including 

characteristics such as grain distribution, shape of the grains, cementation, water saturation 

and chemical composition of the pore water and mineral grains (Sällfors & Andréasson, 1986; 

Mataić 2016). In addition, the presence of organic material greatly increases the compressibility 

of the soil. Yin & Karstunen (2011) have dealt with the problem that the results from 

oedometer tests can be affected by soil anisotropy and the possible destructuration of the clay, 

and have created models to simulate the rate dependence in oedometer test with regard to 

these parameters. 

2.10.5 Temperature effects 

Temperature can cause differences in the parameters when performing consolidation tests in 

the CRS apparatus (Sällfors & Tidfors, 1989; Claesson, 2003), as 𝜎′𝑐 decreases with higher 

temperatures in the surrounding area. For instance, the temperature of clay in-situ is 
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approximately 7°C, while the temperature in many laboratories is a normal room temperature 

of approximately 20-22°C. With this large difference, 𝜎′𝑐  for high plastic clays will decrease by 

6 to 10%. However, 𝑀 is not significantly affected by a higher temperature. For fully saturated 

clays, all time-dependent parameters are affected by temperature due to the change of the 

viscosity of the water. It has also been shown that the higher 𝑤𝐿  is, the more the clay is 

influenced by higher temperatures; for the most common clay in Sweden, the effect is roughly 

6-7% per 10°C temperature increase. A natural clay consists of gas, water, minerals and in 

some cases organic material. The clay particles are surrounded by water, which acts as the link 

between the particles. When the temperature is increased, the bond is weakened; this is a 

probable cause of deformation and compression of the clay sample in the CRS test. In some 

soils, the increase in temperature and reduction in stresses after sampling induce a volume 

increase of the sample (Hamilton & Crawford, 1959). This is caused by the expansion of gas 

bubbles and a release of gas from the soil. 

2.11 Rate of strain 

2.11.1 Selection methods 

Introduction 

The most important parameter to determine before beginning the CRS test is the 𝜀̇ (Claesson, 

2003; Ozer et al., 2011). If the 𝜀̇  is too low, the properties of the soil cannot be sufficiently 

determined, whereas if 𝜀̇ is too high, the test cannot be properly interpreted. Consequently, 

the right 𝜀̇ should be somewhere between these two extremes. Since the development of the 

CRS test, many different theories and methods have been conceived to determine the 

appropriate 𝜀̇.  

 

Smith and Wahls (1969) 

Smith and Wahls (1969) performed several CRS tests with different rates on three different 

types of clay: kaolinite, Massena clay and calcium montmorillonite. The minimum CRS test 

durations that provided reliable results were 1.2 hours for kaolinite, 7.1 hours for Massena clay 

and 47.7 hours for calcium montmorillonite. The researchers concluded that an upper limit 

for the 𝜀̇ should be set so that the value of 𝑢𝑏 𝜎𝑣⁄  would be less than 50% for the soils tested. 

Smith and Wahls (1969) also developed a method for determining the strain rate, 𝜀̇, 

 

 𝜀̇ =
𝑐𝑣∙𝐶𝑐

𝑚2∙𝐻0(1+𝑒0)
∙

𝑢𝑏
𝜎𝑣

1−0.7(
𝑢𝑏
𝜎𝑣

)
    (2.18) 

 

where the upper limit of 𝑢𝑏 𝜎𝑣⁄  is set to 0.5, and 𝐻0 is set to 1 inch, giving: 

 

 𝜀̇ =
0.78∙𝑐𝑣∙𝐶𝑐

𝑚2(1+𝑒0)
  (2.19) 
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Wissa et al. (1971)   

When the 𝜀̇ are very small,  𝑢𝑏 can be negligible and the 𝜎′𝑣/𝜀 relationship can be completely 

achieved from the CRS test (Wissa et al., 1971). On the other hand, with these low rates the 

value of 𝑐𝑣 is very difficult to determine. Instead, if much higher rates are used 𝑢𝑏 will be very 

large. This condition is not applicable for the real soil condition due to the high hydraulic 

gradients that develop. The effect of a low or high 𝜀̇ depends on the type of soil tested. 

However, the most suitable 𝜀̇ is a trade-off between a low and a high rate that will generate an 

accurate representation of the 𝜎′𝑣/𝜀 curve and the determination of 𝑐𝑣 . Wissa et al. (1971) 

argue that the best rate is found when the value of 𝑢𝑏 𝜎𝑣⁄  is between 2% and 5%. 

 

Sällfors (1975) 

Sällfors (1975) research was based on investigations and comparisons with IL tests, CRS tests 

and three full-scale tests on three different types of clays. Two of the full-scale tests was made 

in-situ where a tank was used as the loading device and the tests was carried out at a constant 

rate of loading. The 𝜎′𝑣 increased to a certain level and then no more, this level was interpreted 

as 𝜎′𝑐. At the third test site a test embankment was constructed in five steps and 𝜎′𝑐 was found 

from the load/settlement curves. The clays tested in his research was very soft high sensitive 

clays with 𝑤𝑛 higher than 75%. The comparison between the laboratory tests and the field 

tests generated the recommended strain rate for CRS test of 0.0024 mm/min. 

 

According to Sällfors, the 𝜀̇ influences the value of 𝜎′𝑐 which is also confirmed by Claesson 

(2003). A lower 𝜀̇ generates a lower 𝜎′𝑐, if the evaluation is performed with the method of 

Casagrande (Figure 13). Furthermore,  𝑀 below 𝜎′𝑐   increases with a higher 𝜀̇, while 𝑀 beyond 

𝜎′𝑐  appears to be independent of the 𝜀̇ (Figure 14). However, it has been shown that the 

deformation required to reach 𝜎′𝑐  is independent of the 𝜀̇.  

 

The development of 𝑢𝑏 is dependent on the 𝜀̇; the higher the 𝜀̇, the higher 𝑢𝑏 will be. Even 

the distinguishing bend on the 𝑢𝑏 curve shifts to the right with an increasing 𝜀̇, which mirrors 

the higher value of 𝜎′𝑐. As a clarification, with a higher 𝜀̇, more pore-water must dissipate in 

the same amount of time. Therefore, a lower 𝜀̇ in a CRS test could include a larger part of the 

secondary compression relative to a higher 𝜀̇. According to Sällfors (1975), a strain rate lower 

than 0.024 mm/min will not affect 𝜎′𝑐 significantly. In tests with higher rates, he found that 

the difference can be larger. If the method is valid, 𝜎′𝑐 could be determined from a CRS test 

that requires no more than 24h, at least for the clay studied in his research. 

 

Gorman et al. (1978) 

According to the research of Gorman et al. (1978), the minimum 𝜀̇ is a rate that generates at 

least some measurable 𝑢𝑏. The theories for CRS tests assume that the pore pressure 

distribution is parabolic across the specimen. If the 𝜀̇ is too low, there is very little to no 𝑢𝑏 

produced, which can generate an erroneous value for 𝑐𝑣. The reason for the possible effect on 

𝑐𝑣 is because 𝑢𝑏 works as a denominator in the formula for 𝑐𝑣 . Therefore, if 𝑢𝑏 reaches zero 

the equation is not applicable, since the expression for 𝑐𝑣 is based on steady state conditions. 

These conditions assume that a 𝑢𝑏 is developed if the expression is valid. In contrast, if 𝑢𝑏 

instead is excessive, the theory will also be wrong, thus the pore pressure distribution will not 

be parabolic. With the use of shorter specimens or increased 𝜀̇, the 𝑢𝑏 can be reduced or  
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Figure 13  - Stress/strain curves with different rate of 

strain(Sällfors, 1975). 

 

 
Figure 14 - Variation of the modulus with different 

rate of strain (Sällfors, 1975). 

 

increased, respectively. The problem with the CRS test is that when testing a specific soil for 

the first time, a preselected 𝜀̇ must be set. This can lead to unreliable results, meaning the test 

must be repeated with another 𝜀̇. 

 

The ratio of 𝑢𝑏 𝜎𝑣⁄  has shown to be a respectable indicator of excessive pore pressure, where 

the absolute maximum value of this term is 50%, as suggested by Smith and Wahls (1959). 

Conversely, Gorman et al. (1978) suggest that 𝑢𝑏 𝜎𝑣⁄  should lie between 3-50%, with the 

condition that 𝑢𝑏 is developed to at least 7kPa. 

 

In the interval around 𝜎′𝑐, the pore pressure distribution diverges significantly from the 

parabolic shape that is assumed in Equation 2.12 (Larsson & Sällfors, 1986). This interval is 

affected by faults that occur due to the sudden change in 𝑀 at 𝜎′𝑐, which depends on 𝑢𝑏, 

which in turn is dependent on the rate of deformation. This argument points out the 

importance of keeping the 𝜀̇ low, and consequently also keeping 𝑢𝑏 low. An additional 

requirement is that 𝑢𝑏 𝜎𝑣⁄  cannot exceed 15%, which reduces the error generated from 

Equation 2.13. 

 

Ozer et al. (2011) 

A new model for the determination of the 𝜀̇ was proposed by Ozer et al. (2011). It was found 

that the maximum allowable 𝜀̇ is dependent on 𝑒0 of the clay. The method is applicable to the 

types of clay that the researchers testes, which included Lake Bonnevie clay, Massena clay, 

kaolinite and montmorillonite. The procedure for determining the 𝜀̇ is to first conduct an 

incremental consolidation test on an undisturbed sample of the soil, and from this result create 

a curve with the relationship between 𝑒 and log 𝜎′𝑐. From the curve obtained, the coefficients 

𝐶𝑂𝐶  and 𝐶𝑁𝐶 are determined from the slope of the line before and after 𝜎′𝑐, which represents 

𝑀0 and 𝑀𝐿 from the Swedish standard. The final step is to find the strain rate, 𝜀̇, 

 

 ∆𝑒 = 𝑒 − 𝑒0 = −𝜀̇𝑡𝐴                                          (2.20) 
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which creates a theoretical curve that is as close the incremental load curve as possible. The 𝜀̇ 

that best fits the curve will be the maximum allowed 𝜀̇. This method has also been compared 

with the current ASTM standard, confirming the relationship that 𝑢𝑏 𝜎𝑣⁄  should lie between 

3-15%. 

 

ASTM (2012), Mesri & Feng (2012) 

The ASTM standard has changed over the years, indicating in 1991 that the recommendation 

was to keep 𝑢𝑏 𝜎𝑣⁄   within 3-30% at all times during the test (Ozer et al., 2011). However, in 

2006 this was changed to produce a value of 3-15% at the end of the loading phase, which is 

the standard valid today. The ASTM standard (2012) is based on the work of Mesri and Feng 

(2012), where the imposed strain rate, 𝜀�̇�, is equal to 10 times the EOP (end-of-primary) vertical 

strain rate, 𝜀�̇�, 

 

 𝜀�̇� =
𝑘𝑖

2𝐶𝑐/𝐶𝑘 ∙𝐻𝑑
2 ∙

𝜎𝑐
′

𝛾𝑤
∙

𝐶𝛼

𝐶𝑐
               (2.21)  

 

𝐶𝑘 =
∆𝑒

∆ log 𝑘
 [-] 

𝐶𝛼 =
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∆ log 𝑡
 [-] 

𝐻𝑑 = Maximum drainage distance [m] 

 

This imposed rate corresponds to a value of 𝑢𝑏 𝜎𝑣⁄  within the limits of 3-15%. This allows 

the use of a Darcy flow equation, which gives a reliable calculation for 𝑘. Values higher than 

15% are unacceptable for guaranteeing a relatively uniform distribution of 𝑒 and 𝜎′𝑣 

throughout the height of the specimen. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 
Figure 15 - 𝑢𝑏 𝜎𝑣⁄  response for Non-Darcian and Darcian flow (Ahmadi et al., 2014) 
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2.11.2 Parameters influencing pore pressure ratio 

The 𝜀̇ in the CRS test is dependent on the value of 𝑢𝑏 𝜎𝑣⁄ , with smaller 𝜀̇ the  𝑢𝑏 can dissipate 

easily and therefore no excess pore water is established (Ahmadi et al., 2009; 2014). For higher 

𝜀̇, the 𝑢𝑏 developed does not have enough time to dissipate and an excess pore water pressure 

is produced early in the test, but decreases during the last part of the test because of a change 

in flow regime. An increasing trend of 𝑢𝑏 𝜎𝑣⁄  is an indication of non-Darcy flow, while a 

decreasing trend is an indication of Darcy flow (Figure 15). When the peak value is set and 

𝑢𝑏 𝜎𝑣⁄  starts to decrease, this is an indication of the change between non-Darcy and Darcy 

flow. Hansbo (2003) showed that the Darcy law is not valid for small hydraulic gradients.  

 

Other parameters that affect 𝑢𝑏 𝜎𝑣⁄  the most include the initial degree of saturation, 𝑐𝑣 and 

the initial height (Gorman, 1981). Nevertheless, the height is not dependent on the soil, and 

for most cases this parameter cannot be changed. This is because the CRS apparatus is 

equipped with a CRS ring with a predetermined height. Both the initial degree of saturation 

and 𝑐𝑣 are soil-dependent variables, but the tests in Sweden are usually fully saturated. 

 

The value of 𝑘 also influences the 𝜀̇; the higher 𝑘 is, the faster the soil consolidates, and the 

higher the compressibility, the slower it consolidates. Therefore, as the soil is loaded with a 

constant 𝜀̇, the higher the value of 𝑘, the slower 𝑢𝑏 will increase. The 𝑢𝑏 𝜎𝑣⁄  relationship is 

inversely proportional to 𝑐𝑣, and therefore it is the most important parameter when deciding 

the 𝑢𝑏 𝜎𝑣⁄  for a given 𝜀̇. The studies performed by Gorman (1981) show that 𝑢𝑏 𝜎𝑣⁄  should 

be limited for all values above 𝜎′𝑐. 

 

2.11.3 Liquid limit and strain rate 

When selecting the limit for 𝑢𝑏 𝜎𝑣⁄ , it is very important not to set this too low, because then 

no 𝑢𝑏 will be generated (Gorman, 1981). Additionally, when selecting a low value for the limit, 

the time for completing the test increases. The suggestion is that the limit should be set to 20% 

based on the research on kaolinite clay. This is because the pore pressure gradient can be 

established within a reasonable length of time for the test at this specific limit. The theoretical 

error of 𝑐𝑣 is limited to 12%. However, the problem is that the value of 𝑐𝑣 is not known before 

testing. Nevertheless, some correlation between 𝑤𝐿 and 𝑐𝑣 has been found, indicating that 

there is an approximate straight line relationship between these two parameters. Based on this, 

a strain rate selection chart for a maximum value of 20% of 𝑢𝑏 𝜎𝑣⁄  was produced (Figure 16). 

The general 𝜀̇ vary between 0.0001 to 0.05% per minute. For higher 𝜀̇, the 𝜎′𝑣/𝜀 curves move 

in the direction of increasing stress. This is thought to be caused by the primary and secondary 

consolidation that occur in unison and not at separate times, which makes secondary 

consolidation dependent on the 𝜀̇. A lower 𝜀̇ is preferred because the curves seem less sensitive 

to the 𝜀̇ when it is low. 

2.11.4 Linear vs. nonlinear theory 

The linear theory is the theory that is generally used. It assumes that 𝑢𝑏 is linear and that the 

volume of compressibility is constant (Ozer et al., 2011). The nonlinear theory, on the other 

hand, is based on the assumptions that 𝑢𝑏 is parabolic and the virgin compression index 𝐶𝑐 is 

constant. For both the linear and non-linear approaches, the value of 𝑐𝑣 is assumed to be 
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constant. In the period between 1982 and 2005 the nonlinear theory was, recommended in the 

ASTM standard. However, since 2006 the linear theory is recommended, with the equations 

for this theory given as an appendix in Wissa et al. (1971). 

2.12 Discussion 

The recommended values of 𝜀̇ and 𝑢𝑏 𝜎𝑣⁄   vary greatly between different studies, and this 

illustrates the difficulty in determining the proper 𝜀̇. However, most researches agree that the 

right 𝜀̇ is the rate that will produce a 𝑢𝑏 𝜎𝑣⁄   within a specific range. Unfortunately, this range 

is also a matter of discussion. All agree that the development of 𝑢𝑏 is dependent on 𝜀̇, but 

there have been limited comparisons with other reasons for the development of 𝑢𝑏 such as 

soil properties. This will be interesting to evaluate in this thesis.  The research on the subject 

of the selection of 𝜀̇ is quite old, and it was hard to find any recent publications specifically for 

this purpose. 

 

 

 

 
Figure 16 - Strain rate selection chart for different saturations, S, of the clay (Gorman, 1981) 
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3 TEST SITES AND SAMPLING PROGRAM 

3.1 Introduction 

This chapter describes the three test sites: Vega, Skandiahamnen and Östra Frestaby. From 

these locations, the clay samples for the CRS tests were obtained. The characteristics of each 

clay are explained in the following sections, and a complete overview is presented regarding 

how the CRS test is structured and carried out. 

3.2 Test sites 

The clays used in the tests for this thesis were sampled from three different places in Sweden: 

Vega, located south of Stockholm; Östra Frestaby, located north of Stockholm; and 

Skandiahamnen in Gothenburg. All soils had different properties considering 𝑤𝑛, 𝑤𝐿, 𝛾 and 

𝑐𝑢. 

3.2.1 Vega 

Swedish Transport Administration are constructing a new interchange on road 73 by the new 

residential area Vegastaden in Haninge (Figures 17 and 18). Skanska is the contractor, and the 

construction began in April 2016. Since the soil consists of high plastic clay, it needed to be 

reinforced with piles to prevent and reduce settlements (Swedish Transport Administration, 

2015). The clay used in the CRS tests was sampled from two boreholes called V1 and V2. 

Borehole V1 was evaluated at the depths 5 m and 8 m, and borehole V2 at the depths 5 m and 

7 m. Both 𝑤𝑛 and 𝑤𝐿 were in the range between 24-39%. The value for 𝑐𝑢 fell between 17-

37kPa, and the 𝑆𝑡 in the range of 12-19. For exact values for each borehole and test site, see 

Table 7 in Appendix I – Clay properties. 

 

 
Figure 17 - Overview of the Vega interchange (Swedish 

Transport Administration, 2015) 

 
Figure 18 -  Location of Vega interchange (Google 

Maps) 
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3.2.2 Östra Frestaby 

In the neighborhood Östra Frestaby, located in the northeastern part of Upplands Väsby, 200 

new residences are being built by the contractor Skanska (Figures 19 and 20). The borehole 

with the clay used in this thesis was named ÖF at the depths 2.5 m and 4 m. The soil in the 

area contains 0-0.3 m peat, 0-1 m dry crust clay and 4-11 m of very soft clay. In Östra Frestaby, 

𝑤𝑛 was higher than in Vega with values between 54-58%, and 𝑤𝐿 fell between 55-57%. The 

value of 𝑐𝑢 was roughly 18 kPa, and 𝑆𝑡 in the range from 11-15. 

 

 

  

Figure 19 - Overview map of Östra Frestaby 
(Upplands Väsby Kommun, 2016) 

Figure 20 - Östra Frestaby (Google Maps) 

 

 

 

 
Figure 21 - Location of Port of Gothenburg (Google Maps) 

 

 



 
 

29 
 

3.2.3 Skandiahamnen 

The clay from Skandiahamnen in Gothenburg was sampled on February 4th, 2016 and 

transported directly to Skanska in Stockholm (Figure 21). The clay was sampled from one 

borehole named PG at the depths 7 m and 12 m. The value of 𝑤𝑛 fell in the span 59-65%, and 

𝑤𝐿 between 66-69%. The value of 𝑆𝑡 was roughly 15 and 𝑐𝑢 was between 15-78 kPa. 

3.3 Sampling 

The samples were obtained with a model ST1 piston sampler under the groundwater table, 

and the clay specimens were assumed to be completely saturated and undisturbed. Each sample 

measured 50 cm and was divided into three tubes: the upper, middle and lower tubes. The clay 

in the middle and lower tubes were the best samples where the soil was least disturbed. The 

samples were safely and carefully transported to Skanska in Stockholm, where they were then 

stored. To maintain the samples as closely to the in-situ conditions as possible, they were kept 

in the tubes in a refrigerator at a temperature of 7°C. 

3.3.1 Sampling program 

All the tests were executed at the laboratory at Skanska Teknik in Stockholm, and the CRS 

apparatus was placed in the laboratory at a temperature of 20°C. Each clay sample from a 

specific depth was tested with three different 𝜀̇: Firstly, the 𝜀̇ recommended by the Swedish 

standard for CRS tests (0.0025 mm/min), which represents 0.680%/min for the sample height 

of 22 mm. Secondly, the high 𝜀̇, 3.00%/h, which was selected from the table made by Gorman 

(1981) with the dependence of 𝑤𝐿 (Figure 16). The 𝑤𝐿 from the clays in Vega generated the 

maximum recommended 𝜀̇ of 0.05%/h, which made the high rate 4.4 times faster than the 

standard rate. Finally, the low rate was determined by the relation between the high and the 

standard rate. Subsequently, the low rate was 4.4 times lower than the standard rate, and thus 

set to 0.154%/hr. 

 

To determine the consolidation parameters, 24 CRS tests were conducted at the laboratory at 

Skanska. The entire sampling program is presented in Table 3. The tests were performed 

according to the Swedish standard with two exceptions. Firstly, the 𝜀̇ was changed, which is 

the main question at issue in this thesis. Secondly, the test height of the sample was 2 mm 

higher than for the Swedish standard. Consequently, the height of each specimen was 22 mm. 
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Table 3 - Sampling program 

        

Borehole 
�̇� 

[%/h] 

Number 
of tests         

[-]  

Preloading 
[kPa] 

  0.154 1 30 

V1 5m 0.680 1 30 

  3.00 1 30 

  0.154 1 50 

V1 8m 0.680 1 50 

  3.00 1 50 

  0.154 1 30 

V2 5m 0.680 1 30 

  3.00 1 30 

  0.154 1 60 

V2 7m 0.680 1 60 

  3.00 1 60 

  0.154 1 12 

ÖF 2.5m 0.680 1 12 

  3.00 1 12 

  0.154 1 20 

ÖF 4m 0.680 1 20 

  3.00 1 20 

  0.154 1 30 

PG 7m 0.680 1 30 

  3.00 1 30 

  0.154 1 60 

PG 12m 0.680 1 60 

  3.00 1 60 
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4 LABORATORY TESTING – CRS TESTS 

4.1 Introduction 

This chapter explains how the CRS test is carried out, first an overview of the test preparations 

is presented, followed by a description of the device. Finally, the chapter discusses the 

importance of preloading the specimen and the duration of the test when loading until 18% 

deformation. 

4.2 Sample preparation 

Each tube with a clay sample was taken out of the refrigerator and placed in a special device, 

which pushes the clay out from the tube and into the confining steel ring. The inside of the 

ring needed to be smeared with a lubricating gel to avoid friction losses in the test. The 

dimensions of each specimen inserted into the CRS ring were 50 mm diameter by 22 mm 

height. The two horizontal surfaces were trimmed so that no excess clay was left (Figure 24). 

Two porous stones were then aligned carefully to the surfaces of the sample, and the confining 

ring with the specimen was mounted and enclosed in the consolidation chamber (Figures 22-

27). The chamber was filled with water and placed on the load frame, and pore pressure and 

strain transducers were mounted to the cell (Figures 29-32). This was done in order to register 

and monitor the results from the tests. With everything mounted and placed correctly, the cell 

was filled completely with water and any air enclosed inside the cell was removed. This was 

achieved with the back pressure controller, which slowly filled the cell with more water and 

pushed out the remaining air in the cell through the pore pressure transducer. Before the CRS 

test could begin, the sample was docked to the axial load transducer. This was accomplished 

manually by applying an axial load (1 mm/min is recommended) and monitoring the outcome 

on the computer, which starts at zero. When the load transducer reached the sample and 

started the loading, the data also began to register on the computer. The applied load was 

stopped and the sample was then fully docked and ready for the actual test to start (Figure 33). 

4.3 Test apparatus 

In all tests performed, the same type of equipment was used. The device is from GDS 

Instruments and is called the GDS Constant Rate of Strain Cell (GDS Instruments, 2016). The 

cell is a load frame-based one-dimensional consolidation cell, which is capable of applying 

backpressure and measuring of 𝑢𝑏. The cell is connected to GDS controllers and software, 

and the entire system can run a complete test with constant rate of strain loading from start to 

finish with a loading routine specified by the user. If the sample is not completely saturated, a 

controlled back pressure of water can be applied to allow this. Drainage is allowed through the 

base of the apparatus on the lower surface of the specimen. The load frame controls 𝜎𝑣 and 

𝜀, while a specific GDS pressure controller is used to apply the back pressure. A force 

transducer is placed at the end of the piston that measures 𝑃, while 𝑢𝑏 is measured by a 

transducer connected to the base filter stone. The clay sample is restrained between two porous 

filter stones in a steel ring. This ring prevents horizontal deformation and reduces friction. The 

GDS Constant Rate of Strain Cell was calibrated for all transducers to ensure that the results 

are reliable. 
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Figure 22 – The disassembled consolidation cell 

 

 

 

 
Figure 23 - The disassembled consolidation cell 

 

 

 
Figure 24 - Confining steel ring with clay 

 
Figure 25 – Preparing sample with filter paper 

 

 

 

 
Figure 26 - Placing the sample on the undercarriage of the 

consolidation cell 

 
Figure 27 - The sample is mounted between water-

saturated porous stones. 
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Figure 28 - The top of the consolidation cell is mounted on 

the undercarriage. 

 

 
Figure 29 - The load frame  

 
Figure 30 - The consolidation cell is mounted on the load 

frame 

 

 
Figure 31 - Pore pressure transducer is mounted on the 

cell. 

 
Figure 32 – Mounting of axial deformation transducer 

 
Figure 33 - When everything is mounted correctly, the 

CRS test is ready to start. 
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4.4 Preloading 

After sampling is performed on site, the clay swells somewhat; this is caused by the stress 

release that occurs. Therefore, preloading of the sample is executed in the CRS test. When the 

sample is recompressed, the strains will be higher than what can be expected in the in-situ 

conditions. Without preloading, the test can generate erroneous results because the first part 

of the curve is too steep and gives a 𝑀 that is too high (Figure 34). Another reason to perform 

preloading is to have proper efficient contact between the specimen and the piston plate, which 

can otherwise cause some irregularities at the beginning of the test. When the contact is 

adequate, the line becomes straight until 𝜎′𝑐 is reached at the 𝜎′𝑣/𝜀 curve (Larsson & Sällfors, 

1986). Preloading was performed to 80% of the predicted effective initial stress. The choice 

of this limit was because the preloading must not pass 𝜎′𝑐, as this changes the properties of 

the clay. Due to the fact that 𝜎′𝑐 is unknown, a quite conservative limit as 80% was set for the 

preloading. The preloading in this study was carried out at a 𝜀̇ of 0.680%/h for all of the tests. 

4.5 Duration of tests 

The duration of the tests depends on both the 𝜀̇ and the value of 𝜎′𝑣 the preloading should 

be loaded to. A higher value for the 𝜎′𝑣 for preloading leads to a longer test time. However, 

the main CRS test duration for 18% deformation is approximately 117 h for 0.154%/h, 27 h 

for 0.680%/h and 6 h for 3.00%/h. 

 

 
 

Figure 34 - Preloading curve 
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5 RESULTS FROM CRS TESTS 

5.1 Introduction 

This chapter presents the most characteristic and interesting results from the CRS tests. Each 

consolidation parameter is presented as a section heading. All data and figures from the CRS 

tests with respect to the 𝜎′𝑣/𝜀 and 𝜎′𝑣/𝑒, 𝑘, 𝑢𝑏, 𝐹𝑛, 𝑐𝑣 and 𝑀 curves are presented in 

Appendix II – Results from CRS tests. 

5.2 Initial clay properties 

The important soil parameters 𝛾, 𝑐𝑢, 𝑤𝑛, 𝑤𝐿 and 𝑆𝑡 were determined through extensive testing 

of each clay sample in the sampling program. The complete table from the fall cone test as 

well as the calculations of the parameters are provided in Appendix I – Clay properties. The 

characteristics of the samples from Vega are low 𝑤𝑛 and 𝑤𝐿  , and rather high values for 

𝑐𝑢 (Figure 35). In contrast, Östra Frestaby had higher 𝑤𝑛 and 𝑤𝐿 , and a rather low 𝑐𝑢. Port 

of Gothenburg had the highest value for 𝑤𝐿 and 𝑤𝑛, while 𝑐𝑢 also was relatively high. The 

𝑆𝑡 for all clays, with one exception, was in the range of medium sensitive clays. The clay from 

the depth of 12 m from Port of Gothenburg was the exception, and was classified as a high 

sensitive soil. The unit weight was quite high for the samples from Vega in comparison to 

Östra Frestaby and Port of Gothenburg. An important observation is that 𝑤𝐿 and 𝑤𝑛 were 

very similar for each clay sample in the Östra Frestaby and Vega tests, and the 𝑤𝐿 was even 

lower than the 𝑤𝑛. 

 
Figure 35 – Clay properties 
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5.3 Pore pressure ratio 

The results for 𝑢𝑏 𝜎𝑣⁄  are presented for the 𝜀̇ of 0.154%/h, 0.680%/h and 3.00%/h (Figure 

36-38). The overall trend for the curves shows that the ratio increased in the beginning and 

reached a maximum, then slowly decreased until the test was finished. For the tests with high 

𝜀̇, all tests from Vega and Port of Gothenburg fell within the limits of the ASTM standard 

between 3-15%, while both tests from Östra Frestaby surpassed the 15% limit (Figure 36). For 

the Swedish standard rate of 0.680%/h, all of the tests progressed within the 15% limit, 

although two tests from Vega dipped below the 3% limit. These two tests were V1 8 m and 

V2 7 m, which also had the lowest value for 𝑤𝑛. For the lowest rate, 0.154%/h, almost all tests 

fell below the 3% limit and fluctuated around zero. 

5.4 Evaluated consolidation parameters 

The evaluated parameters from the consolidation curves are presented in Table 4. These 

parameters were evaluated according to the Swedish standard, while the evaluation method of 

Casagrande was used only to determine 𝜎′𝑐. This is specially marked in Table 4. Each figure is 

comprised of three curves, representing the three different 𝜀̇. The higher 𝜀̇ of 3.00%/h is 

marked in red, the standard 0.680%/h is black and the low 𝜀̇ of 0.154%/h is blue. All 

parameters are discussed more in detail in the following subsections. 

5.4.1 Preconsolidation pressure and limiting pressure 

The values for 𝜎′𝑐 and 𝜎′𝐿  had a tendency to increase with increased 𝜀̇ (Figure 39, Table 5). 

However, there were some exceptions. For the samples from Port of Gothenburg, the low 

𝜀̇ generated higher values than the standard 𝜀̇, but from standard to high the values of 𝜎′𝑐 and 

𝜎′𝐿 followed the same trend with increasing values with increasing 𝜀̇ (Figure 40). The 𝜎′𝑐 from 

the Casagrande method were much higher than the Swedish standard for all curves evaluated 

(Figure 41). This includes the values for the standard 𝜀̇ from the Casagrande evaluation, which 

were higher than those from the Swedish evaluation for the higher 𝜀̇. 

5.4.2 Pore pressure 

The measured 𝑢𝑏 was very dependent on the 𝜀̇, as a higher 𝜀̇ generated higher 𝑢𝑏 (Figures 42 

and 43). This trend refers to all performed CRS tests, and the maximum value of 𝑢𝑏 was 

reached at the end of the test. This was caused by less available time for the pore water to 

dissipate. For the high 𝜀̇, the inclination of the curve is steeper for the tests from Port of 

Gothenburg and Östra Frestaby, this produced a higher value of 𝑢𝑏 than for the tests from 

Vega (Figure 43). The lower 𝜀̇ of 0.154/%/h yielded essentially no 𝑢𝑏, and the curve fluctuated 

around zero for most of the tests. 
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Figure 36 - 

𝑢𝑏

𝜎𝑣
-ratio for strain rate 3.00%/h 

 

 

 
Figure 37 - 

𝑢𝑏

𝜎𝑣
 ratio for strain rate 0.680%/h 

 

 

 
Figure 38 - 

𝑢𝑏

𝜎𝑣
 ratio for strain rate 0.154%/h 
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Figure 39 - Stress/strain curve from V1 8m 

 

 

Figure 40 - Stress/strain curve from PG 7m 

 

 

 

 
Figure 41 -  Example of the difference in 𝜎′𝑐 Sällfors evaluation vs. Casagrande evaluation for V1 5m 

 

 

 

 

 

𝜎′𝑐 - Sällfors 

𝜎′𝑐 - Casagrande 
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Figure 42 - Pore pressure development for V2 7m 

 

 
Figure 43 - Pore pressure development for PG 12m 

 

 

Table 4 – Consolidation parameters from CRS tests 

                    

  
�̇�    

[%/h] 

𝝈′𝒄  

    Swedish 
evaluation 

[kPa] 

𝝈′𝒄  

Casagrande 
evaluation 

[kPa] 

𝝈′𝑳  

    [kPa] 
𝑴𝟎          

[kPa] 
𝑴𝑳          

[kPa] 
𝒌𝒊𝒏𝒊          

[m/s] 
𝒌 at 𝝈′𝒄 

 [m/s]  

𝒄𝒗       

[m2/s] 

  0.154 43 62 95 2671 1031 x x x 

V1 5m 0.680 28 50 79 2650 1065 5.7E-10 1.1E-09 1.2E-07 

  3.00 35 62 100 2940 1082 1.7E-09 1.6E-08 1.8E-06 

  0.154 56 77 104 5529 1380 x x x 

V1 8m 0.680 63 91 129 6950 2045 1.3E-09 3.0E-09 6.1E-07 

  3.00 72 91 138 7671 2259 1.6E-09 3.5E-09 7.9E-07 

  0.154 38 55 74 3050 655 x x x 

V2 5m 0.680 47 68 78 3020 566 1.2E-09 4.0E-09 2.3E-07 

  3.00 61 80 98 3282 794 1.2E-09 2.9E-09 2.3E-07 

  0.154 53 89 122 4075 1729 x 1.8E-09 3.0E-07 

V2 7m 0.680 80 104 134 5600 1574 1.2E-09 1.8E-09 2.9E-07 

  3.00 82 127 154 4827 1827 1.1E-09 2.2E-09 4.0E-07 

  0.154 40 39 75 1761 602 x x x 

ÖF 2.5m 0.680 46 58 84 1882 602 7.5E-10 6.1E-10 3.7E-08 

  3.00 53 63 92 1983 518 3.5E-09 3.3E-08 1.7E-06 

  0.154 29 43 70 1318 516 x x x 

ÖF 4m 0.680 46 56 73 1477 410 5.9E-10 5.1E-10 2.1E-08 

  3.00 42 56 88 1463 554 2.9E-09 3.7E-09 2.0E-07 

  0.154 71 85 127 1831 652 x x x 

PG 7m 0.680 54 68 103 3689 656 1.1E-09 1.2E-09 7.8E-08 

  3.00 54 91 154 2850 919 2.8E-09 1,6E-09 1.1E-07 

  0.154 121 154 186 5077 797 3.7E-10 3.1E-10 2.5E-08 

PG 12m 0.680 111 153 201 5380 1084 6.4E-10 6.8E-10 7.4E-08 

  3.00 134 171 216 4643 1114 1.0E-09 1.2E-09 1.3E-07 
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Figure 44 - Modulus curves for V2 5m 

 
Figure 45 - Modulus curves for ÖF 4m 

 

  

 
Figure 46 - Hydraulic conductivity vs strain from PG 12m 

 

 
Figure 47 - Hydraulic conductivity vs strain from V1 5m 

 

 

5.4.3 Modulus 

Overall, the 𝑀 was unchanged with different 𝜀̇. Accordingly, the curve seems to follow the 

same shapes for all 𝜀̇ (Figures 44 and 45). All curves for the 𝑀 are presented in Appendix II – 

Results from CRS tests. 
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5.4.4 Hydraulic conductivity 

Similarly, 𝑘𝑖𝑛𝑖 tended to increase with increased 𝜀̇ (Figures 46 and 47). The value of 𝑘 for the 

low 𝜀̇ was not possible to evaluate reliably, due to the absent development of 𝑢𝑏 (Figure 47). 

5.4.5 Transient strain 

To ensure steady state conditions, 𝐹𝑛 was calculated for all CRS tests, and for all tests the limit 

of 0.4 was fulfilled. For most cases, the curves extended around a value of 1 (Figures 48 and 

49). 

 

  

  

 
Figure 48 - 𝐹𝑛 vs time for PG 7m 

 
Figure 49 - 𝐹𝑛 vs time for V1 5m 
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6 DISCUSSION 

6.1 Strain rate and clay properties 

The tests from Östra Frestaby and Vega had very similar values for 𝑤𝐿  and 𝑤𝑛, and for some 

cases 𝑤𝐿  was even lower than 𝑤𝑛. The fact that the samples from Östra Frestaby extended 

beyond the 15% limit for 𝑢𝑏 𝜎𝑣⁄  for the high 𝜀̇ could be a combination of this very small 

difference in 𝑤𝑛 and 𝑤𝐿  and the very high 𝑤𝑛. The clay from Vega contained more silt and 

less clay than the clay from Gothenburg, which generated a lower 𝑤𝑛. The clay from Östra 

Frestaby was quite difficult to handle in the laboratory due to the very loose consistency, which 

could have caused some irregularities and incorrect results from the CRS equipment. For the 

Swedish standard 𝜀̇, two samples from Vega did not reach the 3% limit for 𝑢𝑏 𝜎𝑣⁄ , and the 

main trend is that the ÖF and PG tests reached higher values than the Vega tests (Figure 37). 

The reason for this could be the higher 𝑤𝑛 in these tests, because with higher 𝑤𝑛 the pore 

pressure increase was much steeper and reached higher pressures than for the Vega tests with 

lower 𝑤𝑛. 

6.2 Pore pressure and pore pressure ratio 

The 𝑢𝑏 distibution is dependent on both the 𝜀̇ and 𝑘. The steeper shape of the 𝑢𝑏 curves from 

ÖF and PG in comparison to Vega implies that 𝑤𝑛 in the specimen is dependent on the 

maximum reached value of 𝑢𝑏 (Figure 42 and 43). This also clarifies why the ÖF and PG 

produced relatively higher values of in the 𝑢𝑏 𝜎𝑣⁄  curves than the tests from Vega. The lowest 

𝜀̇ did not produce any 𝑢𝑏, which generated problems with the evaluation of the tests. A 

possible reason for this could be that for very low rates, the flow in the specimen does not 

follow the Darcy law for laminar flow. When the flow is considerably low, it leads to problems 

with the evaluation of the results for 𝑘 and 𝑐𝑣, since the equations is not reliable with these 

low gradients (Table 4). This problem is also presented in the figures for 𝑢𝑏 𝜎𝑣⁄  for the lowest 

𝜀̇ of 0.154%/h, where the curves did not reach the 3% limit (Figure 38). Accordingly, this is 

why the lower limit of 3% is set according to Mesri & Feng (2012), as it is necessary that the 

flow in the specimen can be calculated with the Darcy law. This verifies the problems with the 

evaluation of the low strain rates since the equations is not valid for these very low gradients 

that produces 𝑢𝑏 𝜎𝑣⁄  lower than 3%. 

6.3 Effects of strain rate on consolidation parameters 

The first important point to emphasize is that when a CRS test is performed, the only elements 

measured are 𝜖, 𝑢𝑏 and 𝑃. All consolidation parameters are calculated based on assumptions 

and are established by the values of these three factors. Therefore, the values determined for 

these consolidation parameters are not the absolute truth.  

 

The 𝜎′𝑐 values increased with increased 𝜀̇, which has been shown by Sällfors (1975) and 

Claesson (2003). This is the foremost problem with selecting a higher 𝜀̇, as is its unclear which 

𝜎′𝑐 value is correct. The Swedish evaluation method described by Sällfors (1975) was adapted 

for the extensive testing at field and in laboratory with CRS tests for the specific clays he tested. 

Therefore, it may be incorrect to use this method to evaluate 𝜎′𝑐 on the clays used in this 
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research with a different 𝜀̇. To solve this problem, a study similar to that of Sällfors should be 

conducted in the areas around Stockholm, with both CRS tests and full-scale field tests. This 

could possibly generate a new evaluation method for the consolidation parameters and perhaps 

an other more suitable 𝜀̇.  

 

The values of 𝜎′𝐿, 𝑘 and 𝑐𝑣 also increased with increased 𝜀̇ (Figure 50-57, 82-89 and 98-105). 

The increase in 𝜎′𝐿 was expected, since the CRS curve shifts to the right with higher values 

of �̇�. As Gorman (1981) pointed out, the value of 𝑐𝑣 increases with increased 𝜀̇. However, the 

curves in this study did not seem to converge with increased value of the 𝜎𝑣 in the way that 

Gorman described (Figure 82-89). The values for 𝑘 also increased with a higher 𝜀̇, which is 

obvious since the equation for 𝑘 depends on both 𝜀̇ and 𝑢𝑏. 

 

For all tests 𝑀 remained fairly constant, and consequently was not affected by the 𝜀̇ (Figure 

74-81). Compared to all other curves for the consolidation parameters there was no clear 

distinction between the curves for the different strain rates. This may be due to the face that  

the tests were preloaded and unloaded. The preloading were executed until 80% of an 

approximate calculated value of 𝜎′0. When the clay was sampled, the reduction in stress on 

the clay caused it to swell, and a test performed under these conditions would generate an 

incorrect value of 𝑀0. Implementing preloading and unloading before the actual test, however, 

reduces this effect.  

6.3.1 Evaluation methods 

The methods used to evaluate the consolidation parameters are questionable for evaluation of 

consolidation parameters with higher 𝜀̇. There was a large difference between the values of 𝜎′𝑐 

obtained with the Swedish method formulated by Sällfors and the method developed by 

Casagrande. The latter yielded values of 𝜎′𝑐 that were an average of 38% higher than those 

determined from the Swedish method. Sällfors’s method uses the left part of the area when 

extending the first and second linear part of the curve to determine 𝜎′𝑐, while Casagrande uses 

the right part. If the curvature is very distinctive on the CRS curve (Figure 53), the evaluations 

does not differ considerably. Nevertheless, if the curvature is not distinctive the difference in 

the values of 𝜎′𝑐 is large (Figure 54). However, Casagrande’s method is adapted to the 

oedometer curve from the incremental test which has a much lower rate than a regular CRS 

test. Therefore the application of this method on a CRS curve can be incorrect, and the yielded 

values should rather be a guideline for what region 𝜎′𝑐 probably lies within. The ASTM 

standard for the CRS test does not give any advice regarding the evaluation method for the 

consolidation parameters. However, Casagrade’s method is the most used method for this 

purpose (Hammam et al., 2015)   
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7 CONCLUSIONS 
 

 The 𝑤𝑛 in a soil affects the development of 𝑢𝑏. 

 

 Soils with higher 𝑤𝑛 normally have lower 𝑘, which makes the soil more sensitive to 

higher 𝜀̇. 

 

 Soils with 𝑤𝑛=50-65% and an 𝑤𝐿 that is lower than or very similar to 𝑤𝑛 are extremely 

sensitive to higher 𝜀̇, and should be run with the standard 𝜀̇. 

 

 For soils with 𝑤𝑛=24-40%, the CRS test can be run with a higher 𝜀̇ according to the 

ASTM standard. With a higher 𝜀̇, the CRS test can be performed within 6 hours 

instead of 24 hours, which saves both time and money. However, a recommendation 

like this cannot be considered completely valid until more extensive testing is 

performed with full-scale tests and more CRS tests. 

 

 The evaluation method of Casagrande generates higher values for 𝜎′𝑐 than the 

Swedish standard. Nevertheless, it is questionable if it should be used for evaluation 

of CRS tests since it is designed for IL tests.   

 

 It is probably incorrect to use the Swedish evaluation method to calculate the 

consolidation parameters for a higher 𝜀̇, since this method is customized for the lower 

𝜀̇ of 0.0025 mm/min. Therefore it is possible that a new evaluation method needs to 

be developed for a case with low 𝑤𝑛 and high 𝜀̇.  
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8 FURTHER RESEARCH 
 

This study consisted of laboratory research only and is therefore incomplete without real full-

scale tests, as such tests would provide absolute values that could be compared with the results 

from the laboratory tests. Embankments and loading in field at the three test sites, for example, 

would be a more exact method. With on-site tests, the correct values for the consolidation 

parameters could be obtained, these values will then be compared with the parameters gained 

in the laboratory for different 𝜀̇, and the most suitable strain rate can be established. 

Alternatively, a new evaluation method may need to be developed for clays with properties 

similar to those found in the area around Stockholm. Furthermore, a more extensive testing 

program would be appropriate to generate fully reliable results. 
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10 APPENDIX I – CLAY PROPERTIES 

The calculation methods and data used for the calculation of 𝑐𝑢, 𝑤𝐿  and 𝜏𝑅 are presented in 

the following section (Table 5). 

 𝜏𝑅 =
0.25∙𝑚𝑐𝑜𝑛𝑒∙𝑔

𝑖2   (A.1) 

 

𝑚𝑐𝑜𝑛𝑒 = Weight of fall cone [g] 

𝑖 = Penetration depth from fall cone [mm] 

 

Table 5 – Fall cone test for determination of shear strength, liquid limit and undrained shear strength of a 
completely stirred sample 

                    

  

Drop 
60°cone 
[mm] 

𝒄𝒖  
[kPa] 

Drop 
30°cone 
[mm] 

𝒄𝒖   
[kPa] 

Drop 
60°cone 
Stirred 
[mm] 

M N 
𝒘𝑳     
[%] 

𝝉𝑹  
[kPa] 

V1 5m 2.7 19.9 6.7 17.3 1.0 1.0 0.0 34.5 1.5 

  2.8 19.0 7.0 15.9 10.2 1.0 0.2 34.4 1.4 

  2.9 17.6 7.1 15.5 9.7 1.0 -0.3 34.6 1.6 

V1 8m 2.4 25.8 6.4 18.9 10.4 1.0 0.3 24.1 1.4 

  2.9 17.6 6.9 16.3 10.5 1.0 0.4 24.2 1.3 

  2.6 22.3 6.3 20.0 9.8 1.0 -0.2 24.3 1.5 

V2 5m 2.5 23.0 5.3 27.6 11.1 1.0 0.8 37.8 1.2 

  2.6 21.9 6.4 19.3 10.5 1.0 0.4 38.6 1.3 

  2.1 32.4 5.3 27.7 9.7 1.0 -0.3 39.1 1.6 

V2 7m 1.6 58.9 4.8 33.6 8.0 1.1 -2.1 29.4 2.3 

  1.9 39.9 4.7 35.8 7.6 1.2 -2.6 29.7 2.5 

  1.8 48.0 4.6 36.5 7.8 1.1 -2.3 29.7 2.4 

ÖF 2.5m 2.8 19.5 7.2 15.4 9.0 1.1 -0.9 56.1 1.8 

  2.5 23.2 6.8 17.2 9.5 1.0 -0.4 55.6 1.6 

  3.0 16.5 6.9 16.3 10.0 1.0 0.0 54.3 1.5 

ÖF 4m 2.7 20.5 7.2 15.4 11.1 1.0 0.8 56.3 1.2 

  2.3 28.1 7.1 15.5 11.2 1.0 0.9 56.4 1.2 

  2.9 17.7 7.0 16.1 10.3 1.0 0.2 58.0 1.4 

PG 7m 1.8 44.9 5.4 26.5 8.8 1.1 -1.1 68.9 1.9 

  2.0 37.2 5.4 26.6 8.6 1.1 -1.3 69.3 2.0 

  2.4 25.8 6.2 20.2 8.6 1.1 -1.3 69.3 2.0 

PG 12m 1.7 48.6 3.1 84.4 9.4 1.0 -0.5 65.5 1.7 

  1.6 54.7 3.8 54.6 9.1 1.1 -0.8 66.5 1.8 

  1.6 54.7 3.8 54.6 8.8 1.1 -1.1 67.5 1.9 

 

Table 6 – Mean values of unit weight and water content 

               

Borehole 

 
𝒉  

[mm] 
𝒎   
[g]  

𝜸 
[kN/m3] 

𝒎𝒅   
[%] 

𝒎𝒃𝒐𝒘𝒍 
[g] 

𝒘𝒏    
[%] 

V1 5m  19.0 73.4 19.3 54.8 0.9 34.5 

V1 8m  30.0 121.8 20.3 98.2 0.9 24.3 

V2 5m  30.0 107.9 18.0 77.9 0.9 39.0 

V2 7m  30.0 115.3 19.2 90.2 0.9 28.1 

ÖF 2.5m  30.0 100.9 16.8 65.7 0.9 54.3 

ÖF 4m  30.0 99.1 16.5 62.9 0.9 58.4 

PG 7m  30.0 95.0 15.8 57.8 0.9 65.4 

PG 12m  30.0 99.1 16.5 62.7 0.9 58.9 
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The value of 𝑤𝑛 was determined as the mean value of two tests performed on clay samples, 

and the unit weight was determined from a sample with height ℎ (Table 6). The exact values 

of the clay properties for each test are presented in Table 7 and Figure 36. 

 
Table 7 - Clay properties 

           

Borehole 
𝜸 

[kN/m3] 
𝒄𝒖           

[kPa]  
𝒘𝒏       
[%] 

𝒘𝑳    
[%] 

𝑺𝒕               
[-] 

V1 5m 18.9 17.6 34.5 34.5 11.9 

V1 8m 20.3 20.2 24.3 24.2 14.3 

V2 5m 17.8 25.3 39.0 38.5 18.5 

V2 7m 19.2 36.5 28.1 29.6 15.0 

ÖF 2.5m 16.9 18.0 54.3 55.3 11.0 

ÖF 4m 16.5 18.9 58.4 56.9 15.1 

PG 7m 15.8 30.2 65.4 69.2 15.3 

PG 12m 16.5 58.0 58.9 66.5 44.0 
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11 APPENDIX II - RESULTS FROM CRS TESTS 

11.1 Stress/strain 

Figure 50 - V1 5m 

 

Figure 51 - V1 8m 

 

Figure 52 - V2 5m 
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Figure 53 - V2 7m 

 

Figure 54- ÖF 2.5m 

 

Figure 55 - ÖF 4m 
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Figure 56 - PG 7m 

 

Figure 57 - PG 12m 
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11.2 Stress/Void ratio 

 

 

 
Figure 58 - V1 5m 

 

 
Figure 59 - V1 8m 

 
Figure 60 - V2 5m 

 

 
Figure 61 - V2 7m 
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Figure 62 - ÖF 2.5m 

 
Figure 63 - ÖF 4m 

 

 
Figure 64 - PG 7m 

 
Figure 65 - PG 12m 
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11.3 Pore pressure 

 

 

 
Figure 66 - V1 5m 

 
Figure 67- V1 8m 

 

 

 
Figure 68 - V2 5m 

 
Figure 69 - V2 7m 
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Figure 70 - ÖF 2.5m 

 
Figure 71 - ÖF 4m 

 

 

 
Figure 72 - PG 7m 

 
Figure 73 - PG 12m 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

58 
 

11.4 Modulus 

 

 

 
Figure 74 - V1 5m 

 
Figure 75 - V1 8m 

 

 

 
Figure 76 - V2 5m 

 
Figure 77 - V2 7m 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

59 
 

 

 

 

 

 
Figure 78 - ÖF 2.5m 

 
Figure 79 - ÖF 4m 

 

 

 
Figure 80 - PG 7m 

 
Figure 81 - PG 12m 
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11.5 Coefficient of consolidation 

 

 
Figure 82 - V1 5m 

 
Figure 83 - V1 8m 

 

 

 
Figure 84 - V2 5m 

 
Figure 85 - V2 7m 
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Figure 86 - ÖF 2.5m Figure 87 - ÖF 4m 

 

 

Figure 88 - PG 7m Figure 89 - PG 12m 
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11.6 Transient state conditions 

 

 

Figure 90 - V1 5m Figure 91 - V1 8m 

 

 

 
Figure 92 - V2 5m 

 
Figure 93 - V2 7m 
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Figure 94 - ÖF 2.5m 

 
Figure 95 - ÖF 4m 

 

 

 
Figure 96 - PG 7m 

 
Figure 97 - PG 12m 
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11.7 Hydraulic conductivity 

 
Figure 98 - V1 5m 

 
Figure 99 - V1 8m 

 
Figure 100 - V2 5m 

 
Figure 101 - V2 7m 
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Figure 102 - ÖF 2.5m 

 
Figure 103 - ÖF 4m 

 
Figure 104 - PG 7m 

 
Figure 105 - PG 12m 
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11.8 Pore pressure ratio 

 

 
Figure 106 - V1 5m 

 
Figure 107 - V1 8m 

 

 

 
Figure 108 - V2 5m 

 
Figure 109 - V2 7m 
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Figure 110 - ÖF 2.5m 

 
Figure 111 - ÖF 4m 

 

 

 
Figure 112 - PG 7m 

 

 
Figure 113 - PG 12m 

 

 

 

 

 

 

 

 

 

 

 

 


