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Abstract 
 
Previous research has been done concerning the influence of creep in 
triaxial tests on sand behaviour. The influence of stepwise changes of strain 
rate has also been deeply studied. More uncertain is the difference of 
behaviour between tests with different constant loading rates, both for 
consolidation and shearing. 

It is under the scope of this research, the analysis of the possible influence of 
the rate of loading on the mechanical behaviour of reconstituted samples 
of Dog’s Bay sand (DBS). An uncemented carbonate type of sand has been 
performed. 

Two types of tests have been carried out during these experiments: 
monotonic triaxial compression undrained tests and oedometer tests, 
studying the influence of the rate of loading and the total loading time on 
the mechanical behaviour of DBS. 

This work follows the path began by the previous dissertations of Pratheepan 
(2005) and Platis (2007), that studied the strain rate effects on Dog’s Bay 
Sand with triaxial compression drained tests. Not only have similar shearing 
rates and consolidation rates been applied to the present undrained tests, 
but also their drained tests results have been used as data for this 
dissertation. 

The consolidation and shearing rates are constant during any of the present 
experiments but changed from one test to other, and also combined with 
variable creep periods between the consolidation and the shearing stages. 
Two different pair of values of consolidation rate and shearing rate are 
implemented for undrained triaxial compression tests, under an isotropic 
loading of 500 kPa. 

The results of the research reveal that the consolidation rate does not have 
a significant influence on its own, and that the loading time has more 
influence than the shearing rate.  

A set of recommendations is included in this work, providing a base for 
further research on the same topic. 

Imperial College London, 2007 1 
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Resum 

 

A altres treballs, la influència del creep en el comportament de sorres, 
mitjançant assaigs triaxials, ha estat àmpliament estudiada. Així mateix, s’ha 
estudiat àmpliament la variació del comportament mecànic de les sorres 
causat per ràpids canvis de la velocitat de càrrega i/o deformació. Hi ha 
més incertesa, però, respecte a les diferències existents entre els resultats 
d’assaigs de compressió carregats a diferents velocitats, tant pel que fa a la 
consolidació isotròpica i a l’aplicació de l’esforç desviador com segons 
l’efecte del període de creep entre ambdues fases.  

L’objectiu d’aquesta investigació és l’anàlisi de la possible influència de les 
velocitats de càrrega en el comportament mecànic de mostres 
reconstituïdes de sorra de Dog’s Bay, un tipus de sorra carbonatada i sense 
cimentar de la costa occidental d’Irlanda.  

S’han dut a terme dos tipus d’assaigs: per una banda, assaigs triaxials 
simples no drenats de compressió; i de manera simultània, assaigs 
edomètrics. Aquestos experiments han servit per a estudiar la influència dels 
ratis i el temps de càrrega total al comportament mecànic de la sorra de 
Dog’s Bay. 

Aquesta Tesina segueix el treball iniciat a les investigacions a l’Imperial 
College London de Pratheepan (2005) i Platis (2007), que començaren a 
estudiar els efectes de les velocitats de càrrega isotròpica i d’aplicació de 
l’esforç desviador mitjançant assaigs triaxials drenats. Al present treball no 
només s’han comparat velocitats de càrrega similars a les que van ser 
emprades als seus assajos drenats, sinó que, a més, també s’ha treballat 
amb els seus resultats. 

Les velocitats de càrrega isotròpica de consolidació i de deformació sota 
l’esforç desviador, han estat canviades d’un experiment a un altre, així com 
combinades amb diferents períodes de creep. Dues parelles de valors han 
estat comparades als assaigs triaxials durant la consolidació i durant 
l’aplicació del desviador. Això s’ha combinat amb la comparació 
d’experiments amb creep amb d’altres sense. 

Els resultats d’aquesta investigació mostren que la velocitat de consolidació 
no influeix de manera significativa per si mateixa, i que el temps que la 
mostra està sota càrrega, durant l’etapa de creep, té més efecte que no la 
velocitat amb que la mostra es deformada quan s’aplica la càrrega 
desviadora vertical de compressió. 

Finalment, s’inclou un capítol de recomanacions i idees per a desenvolupar 
el treball realitzat, a futures investigacions dins d’aquest mateix camp i 
material d’estudi. 

Imperial College London, 2007 2 
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1.-Introduction 
 

The aim of this dissertation is the study of how changes in rate of loading at 
monotonic triaxial compression tests and oedometer tests affect the 
mechanical behaviour of reconstituted samples of DBS. The consolidation 
and shearing rates are constant but changed from one test to other, and 
also combined with variable creep periods between the consolidation and 
the shearing stages 

The time dependency of Dog’s Bay Sand (DBS) mechanical behaviour has 
been experimentally analysed, and afterwards interpreted. A series of load 
controlled undrained triaxial tests, by imposing constant rate loadings, has 
been performed. In addition, some data on drained triaxial tests, from 
previous research works carried out at Imperial College, has been studied in 
detail in this work. Furthermore, a few oedometer tests have been also 
carried out, complementing this work. 

In addition, results obtained by three Imperial College researchers from their 
drained triaxial tests have been used in this research work. After some 
variables were homogenised, the loading rate effects for the drained case 
were deeply analyzed. 

Both undrained and drained triaxial tests on the sand were carried out in a 
stress path triaxial apparatus with a manually regulated hydraulic cell-
pressure and back-pressure system and a computer-controlled mechanical 
axial loading system. 

These tests have been complemented by a series of oedometer tests, where 
it has been analyzed if any change in the rate of loading affects the 
deformation path.  

The time dependence of soil behaviour is important for the short and long 
term performance of geotechnical structures. Depending on the type of soil 
the response to changes in strain rate is different. For all geomaterials is 
usually common that the rate effects are quite small, and subsequently, it 
uses to be difficult to differentiate specimen and test variability from real 
rate effects. 

The time effects can be differentiated between “ageing effects” and 
“viscous or loading rate effects”. They refer to the description of the loading 
history of the material.  

Ageing effects are the chronology at which the path is traced. They are 
referred as the change in physical or chemical composition (diagenesis) 
and cementation. On the other hand, the viscous effects are the path 
followed in a six dimensional loading space (lij), corresponding to imposed 
stress or strain.  

A complicated problem to investigate is the interaction between ageing 
effects and strain rate effects. These latter effects are linked to the viscosity 
of a soil. 

Imperial College London, 2007 9 
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In this work only the viscous or loading rate effects are discussed, as a non-
ageing sand is supposed. It means that the material exhibits the properties 
that give equal response for two identical loading histories started at 
different time values (t1 and t2) on the material previously at rest.  The time 
dependency of the mechanical behaviour is considered by the changes in 
strain rates, but not by the final result of a complex superimposition of the 
previous load history. 

Then, the classification of the behaviour of DBS as time-independent or 
viscous is analyzed.  

After this introduction to the subject Loading Rate Effects on Dog’s Bay 
Sand, the structure of this research work can be summarised as follows: 

-Chapter 2. Literature review: a brief summary is given of previous research 
works referring to the DBS, its mechanical characteristics and also a review 
of the effects due to variations in strain rate and creeping periods. 

-Chapter 3. Test Procedures: the experimental work is described in this 
chapter. Testing apparatus and testing procedures for both oedometer and 
undrained triaxial compression tests are explained step-by-step. 

-Chapter 4 Results from triaxial tests: the results from the drained and 
undrained triaxial tests are plotted in some graphs, before the analysis in the 
following section. 

-Chapter 5. Results analysis: the data from the previous chapter are studied, 
searching any clear tendency or pattern in the mechanical behaviour of 
DBS that can be associated with the strain/stress rate or creep variations. 

-Chapter 6. Conclusions and Recommendations: the conclusions of the 
present research work are summarized in this chapter and also some 
recommendations for future research works on the same subject are 
introduced.  

-Chapter 7 References: all the bibliographic references consulted for this 
work are mentioned. 

 

Imperial College London, 2007 10 
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2.-Previous Research 

 

This work follows the path began by the MSc dissertations of J. Pratheepan 
(2005) and D. Platis (2007), who studied the strain rate effects on Dog’s Bay 
Sand with triaxial compression drained tests. Not only similar confining 
pressures, shearing rates and consolidation rates have been applied to the 
present undrained tests, but also their drained tests results have been used 
as own data for this research work. 

In this chapter, a brief review is given of the current literature found referring 
to Dog’s Bay sand (section 2.1); a summary of the main mechanical 
behaviour characteristics of this sand (section 2.2) and a short bibliography 
investigation about the previous research on the time-dependent behaviour 
of sand and other geomaterials in both drained and undrained conditions, 
under monotonic loading (section 2.3). 

 
2.1-Tested material 

Dog’s Bay sand (DBS) is a white biogenic carbonate sand from Dog’s Bay, 
Connemara, in the west of Republic of Ireland. This soil has delicate, angular 
and often hollow particles formed from shell fragments. These consist largely 
of foraminifera and mollusc origin. Its calcium carbonate is around 88-94%.  

Sand is usually defined as a granular material with a particle size range from 
0.06 mm to 2 mm. It has no cohesion when dry or saturated but appears to 
have some kind of cohesion when damp, because the surface tension in the 
water menisci at contact holds the grain structure together. Consequently, it 
is deduced that the strength of a sand sample depends on the properties of 
the grains that form it. 

This sand is interesting for study because it is not as all carbonate soils that 
are frequently naturally cemented. This feature modifies their mechanical 
behaviour and complicates the interpretation of triaxial tests results, since it is 
impossible to separate the effects of cementing from those of particle 
breakage. However, Dog’s Bay sand is an uncemented soil. 

 

Imperial College London, 2007 11 
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Figure 2.1. Foraminifera particles from a sample of DBS. 

 

The foraminifera shells shown, as shown in Figure 2.1, are marine single-celled 
organisms (protozoa) and are like an amoeba in tiny multi-chambered shells. 
They have shorts lives, from a few weeks to a few months, and when they 
die, their shells accumulate on the sea floor and are carried by the Atlantic 
drift up to the shores of Ireland. The foraminifera are of calcareous material, 
and then, not as hard as quartz grains. Their sharp edges act like tiny 
scalpels grind them down as they are transported and deposited. 

It makes that the particles in Dog’s Bay sand are easily crushed and gradings 
need to be conducted with great care. 

Samples of 38 mm diameter were generally created at as loose a state as 
possible by slowly pluviating the sand directly into a membrane held in 
place of the pedestal of the triaxial apparatus.  

The initial specific volume v0, is high, around 2.3 – 2.4 for the tests of this work, 
due to the nature of the DBS, with open, angular particles. 

 

2.2-Fundamental mechanical behaviour of Dog’s Bay sand 
The mechanical behaviour of Dog’s Bay sand was reported by Coop (1990). 
The triaxial tests carried out on the sand provided clearer information about 
the mechanics of uncemented carbonated sands. The data exhibit all the 
principal features expected of conventional soils. 

Carbonate sands are strong soils when referring to high friction angles, but 
large strains are often required to develop the full frictional resistance. This 
can be a problem when settling engineering structures on carbonate soils. 
The high void ratios of Dog’s Bay sand cause that the stresses imposed by 
foundations may be sufficient to take the soil beyond its yield stress. The 
location of the normal compression and critical state lines will control the 
compressibility of the soil.  

Imperial College London, 2007 12 
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As for other materials, sands of a variety of mineralogy have both a Normal 
Compression Line and a Critical State Lane which are parallel (Figure 2.2) 

A unique critical state line was found for DBS. Then, the location of this line is 
independent of the type of test but dependent on the initial grading. This 
state relates to the constant value of the deviatoric stress found at high 
strains, when either a constant volume in the drained test or the pore ware 
pressure in the undrained test is reached.  The critical state and normal 
compression lines fro DBS are shown in figure 2.2: 

 

 
Figure 2.2. Isotropic compression, critical state lines and normalising 

parameters, for DBS (Coop 1999). 

 
The CSL and NCL shown in Figure 2.2 are projections of the line in q’-p’-v 
space.  The position of the CSL is given by: 

 v = Γ – λ· ln (p’) 

where p’ is the mean normal effective stress, Γ is the specific volume at a p’ 
of 1 kPa on the CSL and λ is the gradient of the CSL.  

The NCL is defined by:  

v = N – λ· ln (p’) 

where N is the specific volume at a p’ of 1 kPa on the NCL. 

Coop (1999) pointed out that the CSL and the NCL must be curved in either 
end when using a logarithmic stress scale. The specific volume cannot be 
reduced to any value lower than 1 which represents a soil with no voids and 
there is also a limit value of v at the other end of the range determined by 
the loosest possible state of particle packing. 

Imperial College London, 2007 13 
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For many sands, like DBS, high pressures are required to reach their NCL. In 
contrast with other materials, for sands, the density with which the soil is 
initially deposited influences the in situ specific volume. 

The high value of N reflects the very loose structure of the soil. Also the λ of 
0.335 is significantly high compared with other sands. From Coop (1990) it is 
presumed that it is because of the more uniform grading of the DBS, resulting 
in higher initial specific volumes. From the same literature it is understood 
that the swelling lines, with a gradient κ of 0.0075 indicate very stiff, elastic 
behaviour. The first loading compression lines of the initial loose samples are 
then quite distinct from the very rigid, elastic unload-reload lines of truly over 
consolidated samples. 

From Qadimi (2005) it is also known that the rate of isotropic compression 
used when testing the sand affects the location of DBS. Qadimi used a 
much slower rate of compression (20 kPa/h) than Coop (1990) in addition to 
longer creep stages ( Vε&  =0.003 %/h). It was shown that the plastic volumetric 
compression behaviour of DBS is slightly time dependent, and with the 
higher rate of isotropic compression and the relatively short creep (2 -6 days) 
used by Coop, a different the position of the NCL was found. The differences 
are shown in table 2.1: 

 

Author N λ 
Coop 4.80 0.34 

Qadimi 4.45 0.30 

Table 2.1. Summary of the critical state parameters. Qadimi (2005). 

 

At high shearing stresses and large volumetric strains only small changes of 
volume can be achieved. There is a clear trend towards a constant volume 
state and, consequently, a constant deviatoric stress.   

For different tests, when the stress ratio (q’/p’) is plotted against the shear 
strain and the specific volume, it is shown that the critical state is reached for 
similar overconsolidation ratios. For low pressure drained tests (higher OCR), 
the soil after an initial compression is followed by dilation, while for high 
pressure, the ratio q’/p’ rises and the critical state is approached by the 
compressive path. 

The shearing data can be normalised, with respect to a current 
preconsolidation pressure, p′p, defined in figure 2.2. The state boundary 
surfaces can be identified in figure 2.3:  

Imperial College London, 2007 14 
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Figure 2.3.  Roscoe and Hvorslev surfaces in the normalised space.  

Coop (1990). 

 

For all triaxial tests considered in this work the path followed in the 
normalized stress graph (q/ pp’ against p/ pp’) is affected by the type of test, 
the initial specific volume and the isotropic compression. Anyway, the 
ultimate state of soil has always been considered to be independent of 
these variables, since there is a unique critical state line for this sand, as it 
only depends of the grading of the material. 

 
2.3-Time-dependent behaviour 

In the literature lots of experiments can be found analysing the loading rate 
effect on sands. Nevertheless, these studies are mainly focused on a) 
response of stress to step and gradual loading changes, b) the effect of 
creep deformation and c) stress relaxation. The different stress-strain curves 
for similar tests with different constant strains rates are studied in this 
dissertation. Under the scope of this work is studying if the application of 
different monotonic loading and strain rates, combined with different creep 
stages between consolidation and shearing, has any effect on the 
mechanical behaviour of this carbonated uncemented sand. 

From a practical point of view, in comparison with fine soils like clay, the 
experimentally observed time dependent effects on sands mechanical 
behaviour (Di Prisco and Imposimato, 1996; Di Benedetto et al., 2005, and 
Kiyota and Tatsuoka, 2006) is not so quantitatively relevant. In a much shorter 
time period, the final configuration is reached. Anyway, when dynamics and 
unstability are considered, the non-instantaneous response of granular 
materials may be important. 

Imperial College London, 2007 15 



A. TUGORES-GARCĺA                                            LOADING RATE EFFECTS ON DOG’S BAY SAND 

The mechanical behaviour of granular materials is commonly assumed to be 
time independent. However, when a material is loaded, the mechanical 
response is rapid but naturally it is not immediate. The stress is propagated as 
a wave through the continuum, and the time required is directly dependent 
of the material mechanical properties. There is a reconfiguration of the 
internal structure, and the time period required to have the final 
configuration is that in which the microstresses distribution is equilibrated with 
the external applied macrostresses. When this latter is reached the former 
kinetic process is concluded. 

Di Prisco and Imposimato (1996) showed the time-delayed response of loose 
sands for drained triaxial tests when an instantaneous deviatoric stress 
increment was applied. These experiments clearly show that the strain 
response is delayed in time. The axial strain one minute after the load 
increment was largely less than 50% of the axial strain after five minutes; 
without any influence of water flow within the specimen, as the pore 
pressure was constant excepting the first seconds. The axial strain after one 
hour was the 80% of the final recorded one (0.25%). 

When working with the oedometer, before reaching the updated condition, 
some time happens, while the complex phenomenon described before 
takes place. This transient phase may be important in order to see whether 
the material is unstable or it has a dynamic mechanical behaviour. 

 

2.3.1-Different Strain Rate Effects 
When a monotonic loading path is considered, and the loading rate effects 
are compared, depending on the type of geomaterial, one could 
distinguish some different stress-strain response curves.  

Di Benedetto et al. (2005) studied the influence of strain rate for different 

geomaterials. A classification is presented distinguishing three groups of 
materials. In this dissertation some examples of each type are included from 
the literature review. 

 

(i) Negligible influence of strain rate and “pure” evanescent viscous 
behaviour

This behaviour is illustrated by some triaxial compression tests on water-
saturated and air/dried Toyoura sand or plane strain compression tests on 
saturated Hostun sand. For the latter, some tests with constant strain rate Vε& , 
but different between them by a factor of up to 500 were compared (Figure 
2.3). The stress ratio R and shear strain γ relationships were found 
independent of Vε& . Only some small effects were seen at the start of loading 
between the different tests.  

Furthermore, in other tests on saturated Hostun sand, when Vε&  was raised 
stepwise by a factor of 100 the shear stress increased at a very high rate. 

Imperial College London, 2007 16 
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After the change, the stress-strain curve converged towards a unique curve, 
which also corresponded if the strain rate had not been stepwise changed.  

In figure 2.4 a generalized view of the pure evanescent viscous behaviour is 
shown.  

 
Figure 2.4. Relationship between stress ratio R and γ = εv - εh from a series of 
drained plain stress compression tests at different constant axial strain rates 
and a test with stepwise changes in the constant strain rate on saturated 

Hostun sand. Di Benedetto et al. (2005). 

 

 

 

 
Figure 2.5. Scheme of pure evanescent viscous behaviour.  

Di Benedetto et al. (2005). 

 

In the drained triaxial compression tests of Di Prisco and Imposimato (1996) 
on loose saturated sands, it is evident that the mechanical behaviour is not 
deeply influenced by the strain rate (Figure 2.6). The overlap of the q – axial 
strain curves leaded to the assumption that the sand is independent of the 
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shearing rate. The three different rates were 60 mm/h, 20 mm/h and 0.468 
mm/h. 

 

 

 
Figure 2.6. Strain controlled drained triaxial compression tests on loose 

saturated sand specimen at different strain rates. a) Stress-strain relationship, 
b) Volumetric behaviour. Di Prisco and Imposimato (1996). 

 

A similar observation was expressed by Di Benedetto et al. (2005), when 
studying the monotonic loading tests including different loading rates, which 
were carried out on air-dried river sand with inclusions of mica. In this case, 
the axial strain-volumetric curves for all tests at different confining pressures 
were rather close to each other, despite that the strain rate was different by 
a factor of 100. For the first approximation, the authors assumed that the 
strain rate has no effect on the strain space evolution. 

In other CU TC tests related by the same authors carried out on clay, silty 
sand or grave, the stress-strain relationship for monotonic loading at 
constant but different total strain rates, deviate from each other for small 
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strains. However, when approaching the failure state, they tend to gradually 
converge into a common relationship. 

Kiyota and Tatsuoka (2006) also studied the behaviour of three types of fine 
uniform and relatively angular sand (Silica No. 8, Hostun and Toyoura sand). 
In that work, four drained TC tests with different axial strain rate but kept 
constant (factors of Vε& , Vε& /10, 10 Vε&  and 20 Vε&  for Vε& =0.75%/h) were 
compared between them and a test with stepwise changes (test No. 18).  

 

 
Figure 2.7. a) R – εv , and b) εvol - εv  relations for triaxial compression  tests with 
and without strain rate changes. Silica No.8 sand. Kiyota and Tatsuoka 
(2006). 
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Figure 2.8. a) and b)  R – γir, and c) and d) εirvol  -  γir - relations for triaxial 
compression  tests at different constant strain rates and test No. 18 with 
stepwise strain rate changes. Silica No.8 sand. Kiyota and Tatsuoka (2006). 

 

The figures 2.8 (a) and (b) show the relationship between the principal stress 
ratio, R, and the irreversible shear strain, defined as γir = εirv – εirh; and 
between the irreversible volumetric strain, εirvol = εirv + 2εirh and γir of these four 
monotonic loading triaxial compression tests. Figures 2.8(c) and 2.8(d) 
compare the results of test No. 18 and one of the tests with constant axial 
strain rate (test No. 10).  

From these figures it is observed that as long as Vε&

V

 is kept constant, any 
systematic effects of strain rate on the overall stress-strain relation are not 
noticeable (Figures 2.8(a) and 2.8(b)), while when ε&  (or γir) is increased and 
decreased stepwise (test No. 18), R exhibits a sudden increase and 
decrease by an amount that rises with an increase in R. This behaviour is not 
contradictory, since in test No. 18, as the loading test continues at a 
constant axial strain rate (or ir γ& ) after a sudden change in R, the stress-strain 
curve tends to rejoin the curve that  corresponds to a constant strain rate. 
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(ii) Influence of strain rate and isotach type behaviour

For some kinds of materials such as some types of clay, each strain or stress 
rate has a different stress-strain curve response. The faster the loading the 
stiffer the behaviour is. When the strain rate Vε&  is stepwise changed, there is 
a sudden stress change, and if this change is constant, the stress-strain curve 
rejoins that stress-strain curve which corresponds to the new rate. This type of 
behaviour is schematized by figure 2.9. 

 
Figure 2.9. Scheme of isotach type behaviour. Di Benedetto et al. (2005). 

 

This type of behaviour correspond to very time-dependent materials such as 
sedimentary soft rock or bituminous mixtures, and it is not expected to be 
shown in any type of sand or linked with the results obtained from the tests 
on Dog’s Bay Sand. 

 

(iii) Influence of strain rate and transition from isotach type to evanescent 
viscous behaviour.

For Tatsuoka et al. (2002), doing CU TC tests on Fujimori clay, when εV is less 
than about 1% the behaviour is of the type described in (ii). For larger εV, the 
effects of a constant Vε&  become gradually smaller. This particular behaviour 
can be shown in the following schematized figure: 
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Figure 2.10. Scheme of an intermediate behaviour, with a transiction from 
isotach type behaviour to evanescent type behaviour. Di Benedetto et al. 

(2005). 

 

The behaviour observed by Sorensen, Baudet and Simpson (2007) when 
studying the strain-rate dependency of London Clay is an example of a 
much more sensitive behaviour than in the tests previously commented in 
the group (i) which were done on different types of sands. In that paper, the 
time-dependent behaviour of London clay is studied through stepwise 
changes in strain rate applied in every test. 

For both NC reconstituted and OC reconstituted London Clay samples, the 
effect of strain rate on the stress–strain curve seem to depend on the strain 
level. An isotach behaviour is shown at low strain levels. For high strain levels, 
reaching the peak strength, the stress-strain curves are still unique for each 
shearing rate, but the behaviour is more temporary in shearing. The authors 
argue that the undisturbed material behaves like a granular material. 

With NC reconstituted London Clay, different but parallel normal 
compression lines are obtained for different strain rates (1 kPa/h and 3 
kPa/h), with the higher rate having a higher NCL (figure 2.11). These rates are 
very low compared to the consolidation rates used for the DBS tests of this 
dissertation. However, for stress rates greater than 3 kPa/h, the pore water 
pressures became significant and the isotropic compression could not be 
assumed fully drained. Also, with strain rates greater than 0.1%/h the pore 
water pressure would be significantly high. 

 

Imperial College London, 2007 22 



A. TUGORES-GARCĺA                                            LOADING RATE EFFECTS ON DOG’S BAY SAND 

 
Fig 2.11. Mean effective stress p’ – Void ratio e relationship. Sorensen, Baudet 
and Simpson (2007). 

 

The NC reconstituted London Clay response to drained shearing has 
different stress-strain curves for different strain rates up to εs of 1.5 %. This 
isotach type behaviour is characterised by a sudden jump in the stress upon 
a stepwise change in the strain rate. The stress-strain relation after the jump is 
constant when the test continues at a constant strain rate while rejoining the 
monotonic curve corresponding to the new rate. This behaviour is the same 
than in the schematized relation of figure 2.10. 

For undrained tests, the response depends on the strain level. At small εa, 
also named pre-peak strength levels, isotach behaviour is reflected, with a 
stiff response in the stress-strain curve that strain-hardens to a unique stress-
strain curve for each strain rate. However, with higher strain levels, the 
behaviour becomes more temporary, and after a stiff response the clay 
strain-softens to reach a persistent stress-strain curve above the stress-strain 
curves which correspond to lower strain rates.  
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Figure 2.12. Shear strain, εs – Pore water pressure, u relationship. Sorensen, 
Baudet and Simpson ( 2007). 

 

Another relationship of interest for the NC reconstituted samples is between 
the volumetric strain and axial strain. The relationship is found to be 
independent of shearing rate during the drained shearing, so axial and 
volumetric deformations are affected in equal proportions by changes in 
strain rate. This independency has also been proposed by other authors 
treated in this literature review, who worked with less sensitive materials to 
strain rate effects, like sand. 

The influence of strain rate on the intermediate- and large-strain stiffness is 
also studied. The undrained Young’s modulus Eu follows different lines when 
decreasing with strain level, depending on strain rate. When increasing it by 
a factor of 18, Eu increases suddenly and this is associated with the elastic 
stiffness. When decelerating up to the initial strain rate, there is a sudden fall 
in stiffness rejoining the original stiffness rate. 

The isotach response for the reconstituted London clay to isotropic 
compression and shearing at low strain levels but not at higher strain levels 
towards peak strength, when strain rate effects become increasingly 
temporary in shearing, is similar to a granular material behaviour. The results 
obtained from these experiments, on a more sensitive material to time-
dependence than sand, seem to be an interesting framework for the study 
of the mechanical behaviour of a granular material like DBS.   

Consolidation pressure and specific density 

The consolidation pressure at which the shearing stage begins could also 
affect the posterior loading rate effects. Nawir et al. (2003) stated that the 
pressure level has a significant effect on the viscous properties of saturated 
dense Toyoura sand. This sand is more contractive at higher pressures and 
the change of stress ratio R associated with a step change in the axial strain 
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rate becomes larger with an increase in the pressure level and in the stress 
ratio. It can be observed in figure 2.13: 

 
Figure 2.13. Measured and simulated q ~ γir relations for three types of tests 

with consolidation pressures of 600, 400 and 200 kPa respectively. Nawir et al. 
(2005). 

 

Nawir et al. also studied the effect of dry density on the viscous properties of 
Toyoura sand, when subjected to a similar TC loading history under the same 
confining pressure σ3’. Figure 2.14 shows the test results. The authors agree 
that for each e0, the test results can be simulated well with the same 
viscosity and decay functions of the constitutive model (TESRA model). 

 

 
Figure 2.14. (a) Measured and simulated q ~ γir relations for three of tests with 
void ratios e0 of 0.609, 0.703 and 0.925 under a isotropic consolidation 
pressure of 400 kPa and (b) εirvol (%)-γir  relationship for the same three tests. 
Nawir et al. (2005). 
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2.3.2-Creep 
The effects of creep have been much more studied and some clear 
conclusions can be revealed. Despite being much less pronounced 
compared with soft clay, sand can exhibit noticeable drained creep 
deformation. The amount of drained creep deformation increases with 
pressure level, becoming particularly large at high pressures 

 The material becomes more contractive (or less dilative) during creep 
loading periods. For high or low stress level the dilation is less pronounced 
during creep loading periods. Two interesting trends of behaviour can be 
seen in sand: 

-When monotonic loading is restarted, the strain path direction changes, 
having a sharper slope. Creep periods during drained triaxial compression 
tests were carried out on dry Hostun sand (Di Benedetto, 2005). When 
loading after a creep, at the same strain rate as before the start of creep, 
the stiffness is very high. For long creep periods, which for Hostun dry sand 
was found to be more than one hour, it was shown that the behaviour for 
small cycle loading becomes quasi elastic. 

-The water content has no clear influence on the trend of strain path during 
creep loading periods. It is concluded by Kiyota and Tatsuoka (2006), Nawir 
et al. (2003) and Di Benedetto et al. (2005) that viscous effects of granular 
materials exist independently of the water content. The pore pressure, 
except for the first seconds, remains constant and equal to the back 
pressure imposed at the end of the consolidation phase. 
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3.-Test Procedures 
 

Two types of tests were carried out in this research work: undrained 
compression triaxial tests and oedometer tests. In this chapter, their tests 
procedures are described in detail, explaining the characteristics of the 
apparatus and the different phases of the sample setting up and during the 
loading stages. 

In section 3.1 the triaxial apparatus (3.1.1), some information about the 
loading rates (3.1.2) and the procedures in the triaxial tests (3.1.3) are 
explained; in 3.2, the measurements of volume, void ratio and strain of the 
sample in triaxial tests are commented and also their sources of error; finally, 
in 3.3, a short description of the apparatus and the procedures in the 
oedometer tests are explicated. 

 

3.1-Undrained compression triaxial test 
The triaxial is the most widely used mean of measuring the shear strength of 
soils under controlled drainage.  In the compression tests, the minor principal 
stress σ3 (cell pressure) is held constant and the major principal stress σ1 is 
increased to cause failure.  

The consolidated-undrained tests have drainage from the cell during the 
application of the all-round stress, so that the sample is fully consolidated 
under this pressure. No drainage is allowed during the application of the 
deviatoric stress, and hence no dissipation of pore pressure is permitted 
during this stage. 

Due to the type of material, Dog’s Bay sand (DBS), and the characteristics of 
the triaxial apparatus, some specific considerations are required during the 
tests: 

-The type of triaxial test used in this work is the most common, the cylindrical 
compression test. The specimen is sealed with cylindrical shape 
(approximately 38 mm diameter and 76 mm height, ratio h/θ of 2:1) in a 
water-tight latex membrane and enclosed in a cell in which it can be 
subjected to water pressure. 

-As the DBS is a cohesionless soil, when the membrane is supported by a rigid 
mould and once the sample has been deposited under water within it, a 
small negative pore pressure of 20 kPa is needed while the mould is 
removed. It is crucial as the sample has then sufficient strength to stand 
unsupported until the cell pressure is applied.  

 

-In order to ensure that the sample was fully saturated it was first subjected 
to a back pressure and a confining fluid pressure with a difference of p = 30 
kPa, and a tolerance of almost 10 kPa during the saturation process. 
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-After saturation in the triaxial cell was achieved under a back-pressure of no 
more than 200 kPa (due to the mechanical apparatus restriction of a 
maximum cell pressure of 700 kPa at the end of consolidation), an 
isotropically compression was applied to the desired stress levels by 
increasing the cell pressure. For most of geomaterials, the cell pressure at 
which the sample is sheared does not influence the strength, except for 
dilatant sands such as DBS. 

As an undrained test was being carried out, the drainage valves were 
closed after the compression. The samples were then sheared undrained in 
triaxial compression from the initial isotropic state of q = 0. The test was 
terminated when the maximum axial displacement allowable by the ram 
piston was reached, which is expressed as a maximum allowable axial strain 
when divided by the sample height. 

Due to the presence of air voids, the cell pressure increment under 
undrained conditions leads to a decrease in volume and an increase in 
effective stress. 

 

3.1.1-Test Apparatus 
The tests on Dog’s Bay Sand were performed in a computer controlled stress 
path triaxial apparatus (Bishop and Wesley, 1975) with strain-controlled 
loading. Tests can be performed under both stress controlled and strain 
controlled conditions. A cylindrical sample of DBS is tested in axial 
compression in the triaxial apparatus with the only condition that the total 
and effective stresses remain positive (relative to atmospheric pressure) at 
the end caps. 

The main features of the triaxial apparatus are: cell base, cell top, cell body, 
pressure systems and the transducers. The cell base is made of corrosion-
resistant metal and has outlet ports providing connection between the 
sample and the pore pressure interface, and also between the cell 
chamber and the cell pressure interface. The cell top is also metallic and 
consists of and air bleed plug and the load cell. The cell body is a cylindrical 
Perspex, transparent, removable body, which seals the cell chamber and is 
permanently connected to the cell top. 

The triaxial apparatus has three independent pressure systems: ram, cell and 
pore pressure system, which are need to control the stresses that are applied 
on the sample.  The pressure converters are supplied with air pressure of up 
to 800kPa from a main air compressor and are controlled by a computer 
through analogue voltage outputs of the data-logging and control card. Air 
pressure coming from each pressure controller is then transferred to water 
pressure thorough an air-water interface. The water pressure coming from 
the air-water interface for the cell pressure is then directly applied into the 
cell from its base. The ram pressure system is used to apply the shearing 
loading, being directed to the axial pressure chamber.  
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The shearing loading of the sample is the most peculiar arrangement of the 
design of t he triaxial apparatus. The deviatoric load is applied with a 
vertical load at the shearing stage. The sample pedestal is moved upwards 
from below and is supposed to push the top cap against a motionless (but 
manually adjustable) load cell, where the load value is recorded. This 
deviatoric load is applied through the loading ram, at the bottom end of 
which is a piston and pressure chamber, where any pressure variance 
modifies the axial load.  On top of the loading ram the pedestal is mounted. 

It could seem more logical loading the sample from above, but in this 
arrangement presented by Bishop and Wesley (1975) there are some 
advantages. The sample is simply set as in a conventional apparatus but 
without corrections for loading ram weight. The upper part of the cell can 
remain light in weight and easy to handle when mounting and dismounting. 
A positive pressure is always maintained in the pressure chamber, so that 
there is no danger of damaging the rolling seal by turning it inside out. 

The apparatus used for the undrained tests can handle with a maximum 
value σ3 of 700 kPa.  

The stresses and strains are monitored by 7 transducers, which are 
connected through an analogue to digital (A/D) converter to the PC. The 
used software is TRIAX. This program monitors the information from the 
transducers and then regulates the stresses (and/or strains) by the three air 
pressure controllers (ram, cell and back). These are fed by a compressed air 
supply which passes the air pressure to the triaxial apparatus via air-water 
interfaces. The volume gauge acts as the air-water interface for the back 
pressure. During shearing, as the test is undrained, the volume gauge is 
disconnected to the sample and it will measure no volume variation during 
shearing. 

Three of the transducers record the axial displacement; one is an external 
displacement transducer and the other two measure the internal vertical 
displacement. These latter are internal inclinometers, fixed directly to the 
specimen with glue, and so directly recording the deformation, whereas the 
external transducer measures the vertical displacement of the load cell.  

The load cell transducer is used to measure the applied deviatoric load and 
the volume transducer registers the volume of water that goes in or out of 
the sample. This gauge is composed of a hollow thick-walled brass cylinder 
containing a floating piston attached to a bellofram rolling seal at the other 
end. The vertical displacement of the piston is measured by and externally 
mounted transducer. 

All these devices that form the triaxial apparatus are shown in the following 
scheme of the apparatus: 
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Figure 3.1: Schematic diagram of the apparatus. 
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 3.1.2-Loading rates 
The consolidation rate is expressed as a stress rate (kPa per hour unit), while 
the shearing rate is a strain rate (percentage of length deformation of 
sample per hour unit). 

A constant rate of straining on DBS would imply relatively rapid loading for 
small strains. This is the reason why to avoid excessive rates of change of 
stress at the beginning of the test is under a constant rate of stress change.  

However, when samples approach failure, they become relatively soft and 
a constant rate of strain loading is necessary to prevent a sudden and 
uncontrolled failure. 

So, to observe the complete stress-strain behaviour of a soil sample, it is 
better to carry out tests which begin with a constant rate of stress change 
loading, when consolidating, as the strains are small. The loading control 
changes to a constant rate of strain loading, - when shearing-, as the strains 
are larger and nearer to failure. Using both stress and strain rates the loading 
test is better controlled at all stages.   

 

 3.1.3- Laboratory procedures 
The DBS reconstituted samples were of 38 mm diameter and prepared by 
water pluviation of sand grains through de-aired water into a mould. The 
specific volume v0 was 2.3. All test samples were saturated and isotropically 
consolidated to 500, 700 or 1200 kPa at a certain consolidation rate in the 
drained tests and to 500 kPa in the undrained tests. Then, after a determined 
creep period (or absence of it) the test followed a shearing stage up to 
nearly 21-22% axial strain at a certain constant strain rate. 
 

3.1.3.1-Sample preparation 

 
Reconstituted sample. 
The Dog’s Bay sand was sieved, classified and stored in dry plastic bags by 
particle size ranges. After that, the different sizes were mixed in the correct 
proportions shown in Table 3.2. The grading corresponds to the standard size 
distribution of DBS. This is a necessary procedure in order to have reliable 
comparisons with the experiments carried out in previous works. 
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Grading Range 

 

Fraction 
retained on 

sieve (%) 

  1.18 < D < 2 0.1 

    0.6 < D < 1.18 5.3 

0.425 < D < 0.6 12.1 

   0.3<  D < 0.425 28.0 

0.212<  D < 0.3 21.1 

0.15<   D  <0.212 23.9 

0.063 < D < 0.15 8.3 

     0 <  D < 0.063 1.2 

Total 100 

Table 3.2. The initial grading. 

 

Untested sand was always used, because as Coop (1999) shown, with a 
reconstituted sample made from previously tested soil, which had 
undergone significant breakage, the position of the NCL and CSL changed 
significantly. 

A cylindrical sample of approximately 38 mm diameter and 7 mm height 
(h/Φ ratio of 2:1) was created. An amount of 105 g. was prepared for each 
sample assembling, in order to be sure that there was enough soil to make a 
sample, around 105 grams, to produce a cylindrical sample of around 37 to 
38.5 mm diameter and 76-80 mm height having a height to diameter ratio of 
2:1). 

Distilled water was poured into a bowl containing the required soil for the 
sample. This bowl was then placed at vacuum at -0.8 atm for approximately 
40 minutes. During this time the air in the sample was removed and the 
distilled water filled the particle voids, saturating the sample. It was not 
recommended to create the specimen from dry sand and then flood it with 
de-aired water as it would be difficult to ensure complete saturation. The 
samples was already ready to build a sample. 

All the DBS samples were created by water pluviating directly into the triaxial 
membrane. The water level needed to be above the soil level, saturating 
the sand. The water was distilled and was also previously placed at vacuum 
during approximately 20 minutes to be de-aired.  
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Triaxial apparatus checking. 
Before beginning the sample assembling, the triaxial apparatus was 
checked, ensuring that in future stages problems in the equipment were not 
found. In case that new equipment was used, as it happened with internal 
transducers, a calibration of the devices was done, checking that the read 
data corresponded to the real measurement. 

The following was connecting the cell body to the base and fill the chamber 
with water, in absence of any sample inside the apparatus. When the water 
level was at middle height of the cell, the cell pressure was reset to zero. 

The hand-pump was also filled with water. This device was connected to the 
volume gauge and then used to flush de-aired water through the back 
pressure valves. This allows the system to be filled with freshly de-aired water 
and also any air voids and particles were removed. The ram and cell air-
water interfaces were also filled or emptied with water, in such a way that 
the bellofram inside the interface was brought to the centre. 

After that, the back pressure system was increased to 700 kPa with the back-
drainage valve open and the back-sample valve closed. The volume 
change was monitored checking if there was any leakage. In all cases the 
volume gauge did not show any significant variation and it was considered 
as free leakage. 

Afterwards, the cell pressure was increased to 700 kPa 

And both sample and drainage back valves were leaved open. As same as 
before, the volume gauge was monitored during some minutes checking if 
any change happened. Once the triaxial apparatus was examined, the 
pressures were reduced to the minimum, the cell chamber was drained and 
the cell body removed. 

The inclinometers and the external displacement transducer were also 
tested. If the measurements were not reliable, as in some occasions 
happened with the inclinometers, a new calibration was needed. Over a 
displacement range of 15 mm the two opposite gauges were mounted on a 
micrometer winding frame graduated to 0.01 mm. Any change in the 
distance between both ends of the inclinometer would cause a voltage 
variation. A regression analysis was used to model the correlation between 
voltage and relative displacement. 

The last step before the setting up of the specimen was the saturation of all 
the cables of the back system, removing any air bubble in the cables 
system. 

Sample set-up 
A special membrane with a thickness of approximately 0.50 mm was fixed 
over the base pedestal of the triaxial apparatus and secured with two or 
three O-rings, impregnated with release compound grease. Before, high-
Vacuum grease was put on the base pedestal in order to prevent any air 
intrusion when the suction was later applied. 
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The sample would be enclosed in this membrane. Its thickness needed to be 
known because when the sample was already mounted, the diameter of 
the material specimen was measured and the membrane thickness was 
subtracted from the diameter measurement. The thickness of the membrane 
was measured at least four times in order be as accurate as possible in the 
sample diameter calculation. Three O-rings, also with release compound 
grease were placed to secure it. The function of the membrane is being 
able to withstand all high pressures in the pressure apparatus.. 

A circular porous stone and a circular filter paper, both of 38 mm, were 
placed on the base pedestal, inside the rubber membrane.  

A three-part mould was then assembled on the base pedestal. Previously, all 
the edges of the mould joints were greased with High Vacuum grease in 
order to avoid any air intrusion.  The top portion of the rubber membrane 
was the n folded down over the top of the split mould. Care was taken not 
to pinch or twist it. A good connexion between the mould parts and 
between this latter and the base pedestal is needed when, next, a certain 
negative air pressure between -5kPa and -15kPa was applied between 
mould and membrane with the Venturi system. This allows the membrane 
being externally stuck by suction to the internal face of the mould. Then, the 
loose sample is created by water pluviation. 

Distilled water was poured into the mould, until the middle level, and 
afterwards sand was delivered by means of a uniform rain covering the 
whole specimen cross section. A spoon was used to gently put in place the 
de-aired and saturated sand.  During this procedure, when the water level 
was close to reach the top, the excess water was removed using a syringe. 
This procedure was done until the top level was reached, but leaving some 
space for the porous stone. The top was levelled carefully avoiding any 
compression of the sample, which could make it denser. 

At all tests the same density was targeted, in order to have more similarity 
between all experiments. However, a different density could be achieved 
by consciously or not changing fall height and depositional intensity. The 
initial void ratio e0 was nearly the same among the specimens. An estimate 
of the void ratio and the specific volume (e0 and v0 =1 + e0, respectively) of 
the sand was done knowing the volume of the mounted sample and the 
used dry weight of soil. This latter would be obtained one day after mounting 
the sample, when the unused soil was dried in the oven at 105°C. From the 
difference between the soil which was prepared for the test (approximately 
105 grams) and the dried soil which was left, the sample weight was known. 

The sample set up continued folding the rubber membrane over the cap, 
being careful not to disturb the sample. Two O-rings were then folded over 
the top cap and the rest of the membrane was folded back over the O-
rings. Another O-ring was used to ensure the membrane was fixed and not 
only would it remain at that position all the time but also no air could escape 
during the next stage, the back pressure application. 
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Suction application. 
At the previous stage the sample was fully enclosed by the membrane, but 
could not support itself.  A saturated sand sample has no suction by itself 
and so to enable the specimen to support, a negative water pressure 
between -25 and -15 kPa was applied, again with the Venturi system. 

Once the suction is already having effect on the sample without any 
significant decay in the pressure level, the mould was removed. The clip that 
ties the three pieces together was opened and after removing the mould 
the sample was already without any external support. 

Specimen measurements 
The diameter and height of the sample were measured with great care. The 
reliability of the test results is highly dependent on the accuracy of the 
diameter and height measurement. Both were measured at least in four 
different positions, using callipers with a resolution of 0.01 mm. 

Inclinometers and suction cap placing. 
A suction cap was put on the top cap, which would facilitate in the future 
the contact between the specimen and the load cell. It is used to prevent 
seating errors. Anyway, the suction cap would have been important for the 
load cell connection and load application in case extension tests would 
have been carried out, but for the compression tests it is not so crucial. Some 
high vacuum grease was put on the top platen and suction cap surfaces, in 
order to avoid any future leakage in the contact between both pieces. 

Finally, the local transducers, the inclinometers, were adhered to the 
membrane using super glue. It takes some seconds for the product to 
mobilise the full strength.  There was a distance between inclinometer ends 
around 45-50 mm. The initial distance between the two attachments of the 
inclinometer is determined by the type of test. In this case, monotonic 
loading tests are in compression, and the distance had to be as close to 
largest as possible, in order to have a range of measurement as large as 
possible.  

 The membrane needed to be clean enough to apply the super glue, and 
during the whole sample set-up process it was always tried to dirty the 
membrane of grease as less as possible. The two transducers were situated 
opposite and trying to measure a similar height range. 

The axial strain was the average of those measured using this couple of 
transducer which are instrumented right opposite to each other. The internal 
transducers were useful when the axial strain was at a few percentages, 
beyond which strain level the external strain measurement is good enough 
to take over the local strain measurement. 

Cell chamber filling. 
The cell body was placed with great care. If the load cell had not been high 
enough the specimen would have been destroyed. The bolts of the cell 
chamber were tightened and then the cell chamber was filled with de-aired 
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water, with the upper cell chamber valve opened. At the middle chamber 
level, the cell pressure was reset to zero in the computer program. When the 
water filled the entire chamber, at the point of water flushing by the upper 
valve, the cell fill valve was closed. Then, the negative back pressure 
applied with the Venturi system was gradually reduced as the cell pressure 
was reached, up to 20 kPa of cell pressure and 0 kPa of back pressure. Then, 
the back valve connected with the Venturi system was closed and the latter 
disconnected. 

 

3.1.3.2-Saturation  

 

During this stage all air as a separate phase in the voids of the sample was 
eliminated. The aim is having reliable readings of the pore pressure and 
volume changes during the following stages. 

Firstly, a tube was connected, with one end inside a plastic bottle with de-
aired distilled water, and the other end, previously saturated, in the spare 
connexion of the back mounting block, where the Venturi device had been 
previously connected. The bottle was located at a certain height to have a 
pressure of 5-10 kPa, while the upper drainage of the top cap was open 
inside a bowl with water, remaining at the atmospheric pressure. It was 
observed how air bubbles were flushing through the drainage. It was 
opened until no more bubbles were observed. 

Then, the upper drainage valve and the spare connexion of the back 
mounting block were closed. After that, the back-drainage valve was 
opened at a pressure between of nearly 10 kPa while the cell pressure 
remained constant at a certain value between 30-40 kPa. This difference of 
pressures would remain with no major jumps during the saturation stage, with 
p’ = 20-30 kPa.  Both pressures were increased at the same rate to 150 and 
180 kPa of back and cell pressure respectively, and kept constant overnight. 
Next day, the saturation was checked, using the B-value test,  

where B = 
)(
)(

01

01

σσ −
−

=
uu

 pressurecell in angeCh
 pressure porein Change  

When the B-value was higher than 0.95 the sample was considered 
saturated.  For the present experiments it was usually needed to reach at 
least 200 and 220-230 kPa of back and cell pressure to have a B > 95% in less 
than seven days. Due to limited resistance materials, in the triaxial apparatus 
used for all the tests, the maximum allowable cell pressure was 700 kPa. 
Subsequently, if an effective stress of 500 kPa was required, the maximum 
back pressure that could be reached during the saturation was 200 kPa. In 
order to obtain saturation, the procedure of the stepwise increment of back 
and cell pressure was almost always complemented with  the use of a hand 
pump to make water flush up from the back to the upper drainage, as it 
had been done before with a bottle full of de-aired and distilled water. The 
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pumping process had to be performed with a lot of care and caution, trying 
to change the effective stress as less as possible. 

During saturation stage, if any change in volume was observed in the 
sample, it could only be because of air dissolving in water within the sample, 
as the effective stress was near to constant during this stage. 

  

3.1.3.3-Consolidation 

 

The aim of this stage is bringing the specimen to the state of effective stress 
required before the shearing stage. As told before, isotropic pressures p’ of 
500, 700 or 1200 kPa were reached at a stress rate of 50 kPa/h or 1200 kPa/h. 

The back pressure was maintained constant as the cell pressure increased 
until a value of p’required –   back pressure. 

The load cell and top platen were joined before starting the consolidation 
instead that afterwards. Then the deviatoric stress was applied. This is a way 
for trying to eliminate the errors due to seating and tilting between the load 
cell and the top platen. Both parts are joined inside the triaxial cell body 
using the simple suction cap device, which was previously mounted at the 
sample. As told before, this device is used to prevent seating errors.  
The load cell and top platen joining process is complex. In some tests, 
despite of taking prudence for a short period, deviatoric forces develop, 
which were as high as 7 N, when contact was made between rubber cap 
and load cell. Additional difficulties would have appeared if air trapped 
existed between the rubber and top cap and the load cell. 

The load cell was manually moved down with the upper screw until it had 
contact with the top cap. Before moving the load cell, the load value was 
reset to zero in the computer program.  After, when the load suddenly 
increased, despite trying to have this load jump as small as possible, the 
control was changed from the upper screw to the ram piston. The hand 
pump was used for slowly pumping out the water between the load cell and 
the top cap of the sample, while the ram pressure was slowly increased from 
a value equal to the cell pressure and consequently the ram piston was 
moved upwards. This latter created a compressive load while the water 
removal was an extensive load. A balance between them needed to be 
obtained in order to have load pressures between -1 and 1 kPa during the 
connection of the load cell. 
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Figure 3.2. Draw of a triaxial sample before the connection of load cell and 
suction cap. Atkinson and Barnsby (1985). 

 

After that, the volume gauge and the external displacement transducer 
were reset to zero. All interfaces water-air were also checked to have the 
bellofram in an intermediate position before beginning the test. 

After the load cell connection, the ram box was controlled until the end of 
the test. During consolidation the deviatoric stress q was hold at 0 with a 
tolerance of +/- 0.5 kPa. 

 

3.1.3.4-Shearing 

At the end of the consolidation, depending on the test a long, short or 
inexistent creep was allowed. In case that creep was not allowed, when the 
consolidation stage had just finished, the back-drainage valve was always 
closed, as all tests were undrained, and next the programmed shearing 
stage was begun. The shearing stage was controlled with the CRSP 
(constant rate strain pump) and so the ram interface was disconnected 
from the pump during this stage. 

The back pressure was maintained at the same value than at the end of the 
saturation, the cell pressure of pCELL = p’ (500, 700 or 1200 kPa) + back 
pressure, was also hold and the CRSP increased the ram pressure and 
governed it at a certain constant strain rate. For low strain rate tests, with a 
constant shearing strain rate of 1 %/h, the computer controlled the shearing 
stage. In case that the higher strain rate of 40-50 %/h was applied, a wave 
generator was needed to reach that higher speed.  

The shearing stage was stopped when the ram piston reached the top. The 
axial strain deformation used to be around 21%, depending on how much 
the ram piston had been moved upwards during the load cell connection. 
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Test Dismounting. 
The previous stage was stopped by the computer when the expected 
shearing deformation limit was reached. From this point, no more data read 
from transducers was saved. During the dismounting, firstly the ram pressure 
was decreased and the ram piston was moved down while de-aired was 
pumped with the hand pump. This load cell disconnection is very similar to 
the previous connection, but in this case there is not so much care if higher 
negative or positive pressures are acting on the sample. When the load is 
disconnected from the specimen and the ram pressure is brought to zero, 
the cell pressure was reduced, and subsequently, the pore pressure also 
went down at a similar rate, to the initial pressures. Then, the cell chamber 
was drained and when all the water had already flushed out, the cell was 
dismantled. The specimen was removed after detaching the inclinometers, 
its wet mass was weighted as soon as possible and then, it was placed into 
an oven at 105° for a day. When dry, it was weighted another time and by 
the difference between both weights the water content of the sample was 
known. After cleaning the triaxial apparatus of any rest of the experiment, 
the apparatus was ready to been carried out another test. 

 

3.2-Oedometer Test 
Several oedometer tests on reconstituted samples of DBS where carried out 
with high pressure oedometers at atmosphere pressure. The rate of loading 
was constant in every test but different from one test to the others.  From 
these experiments it was proved if changing the rate of loading different K0 – 
lines are obtained. 

The same procedure and was followed in all the tests referring to applied 
weights, sample preparation and variables calculation. From the different 
possibilities of sample testing diameter, the smallest one, of 38 mm was 
chosen, in order to apply the highest pressures on the DBS samples, reaching 
the K0 –line before for similar loads. The maximum applied load on the high 
pressure oedometers was 217 kilograms (480 lb). The load was doubled for 
each increment, from 1 pound. 

A porous stone was placed below of the sample material. No filter paper 
was used, to reduce apparatus compliance. 

Sample setting up 
- The base porous disk was de-aired under a vacuum for at least 10 

minutes. 

- The base of the cell and porous stone were assembled trying not to 
trap air and wipe off any excess water. 

- The ring was placed over the porous stone, after measuring the 
exact diameter of that piece (38 mm approximately). 
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- Reconstituted samples of approximately 32 grams were de-aired 
under vacuum after mixing the correct proportions of each 
grading range. 

- The reconstituted sample was pluviated directly into the 
oedometer ring, placed in the base of the cell, which was 
previously saturated with water. 

- When the pluviated sand reached the top of the ring level, the top 
platen was placed. 

- The level arm of the apparatus was balanced in such a way that 
with the initial weight of 0.5 pounds the position would be horizontal 
when the loading pin was in contact with the platen. 

Loading 
During loading the load weight was doubled for each increment. A careful 
use of the screw jack allowed the user to apply the load of the sample 
instantaneously. Just before the next loading was applied, the deformation 
of the sample was measured. For the final increment, the deformation 
measurement was recorded after approximately 24 hours. After that, all the 
weights were removed and the water from the bath was removed. The 
sample was taken after safely removing the base porous disk and top platen 
from contact. The final dry weight is compared with the initial, checking the 
measurements consistence. 

 

3.3.-Measurements and errors in triaxial tests. 
The specific volume of the sample can be calculated during the triaxial tests 
by two different systems: based on the initial specific volume, while the 
volume changes during the test; and also based on the final specific 
volume. The initial specific volume, vi was calculated from the dry weight 
used in the sample and the initial measured dimensions of the sample 
(diameter and height). In this work an average of both specific volumes has 
been used, which also worked as a checking system. The value of vi is 
calculated using equation 5.1: 

s

i
i V

Vv =      (1), 

 

where Vi is the initial volume of the sample, from its dimensions, and Vs is the 
volume of its solid particles. Vs  is then calculated from:  
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S
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γ
W

V ==     (2), 

 

where Ws is the weight of the solids in the sample, γs is the unit weight of the 
solids, Ms is the mass of the solids, g is the gravity acceleration, γW is the unit 
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weight of water and GS is the specific gravity of Dog’s Bay sand (with a 
value of 2.71). 

The final specific volume vf, could be calculated from the final water 
contents of the sample, wf. The maximum amount of sample material was 
weighted at the end of the tests, and after 24 hours being dried in an oven 
weighted again, and then: 

 
S

W
f M

M
w =      (3), 

 

where MW is the mass of water in the initially weighted sample. The final 
specific volume, vf, was calculated using the following equation, with the 
assumption of full saturation. 

 Vf = 1 + wf GS    (4). 

 

The current specific volume at each stage can be calculated by the 
equation 5.5: 

 vnew = vpre (1- ΔεV)    (5), 

 

where vpre is the previous specific volume from which the change in 
volumetric strain (ΔεV) is measured. The specific volume at the start of each 
test is calculated in two ways. One gives the specific volume based on the 
initial dimensions and dry weight of the sample using equations.1 and 5, 
while the other gives the specific volume based on the final water content 
of the sample (equation 3) and can calculate the specific volume at earlier 
stages using equation 5. The average of both values was considered as the 
initial specific volume of each test. 

When the axial stress is calculated during shearing, the cross-sectional area 
of the sample was calculated making the assumption that the sample 
maintains a right cylindrical shape. However, as axial strains of nearly 22% 
are reached, these samples showed some kind of barrelling towards the end 
of shearing. It introduces some uncertainty into the axial stress calculation. 
From literature it is known that there is a good consistency of data between 
those tests which require relatively small strains to reach an ultimate state 
and those where barrelling was a problem. The current cross-sectional area, 
AC, can be calculated from equation 6: 

AC= A0 (1- εV) / (1- εA) = A0 (1 – εr)) 2 (6), 

 

where A0 is the initial cross sectional area, εA is the axial strain, εV the 
volumetric strain and εr is the radial strain. The axial strain is then calculated 
from equation 5.7. 
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σ +=     (7), 

 

where Fa is the deviatoric force measured by the load cell and σr is the 
radial stress measured by the cell pressure transducer.  

The volumetric strain (εV) was measured globally by a volume gauge, and in 
the case of water samples, it is done by directly measuring the flow of the 
water from the sample. Alternatively, the volumetric strain could have been 
calculated locally using the local radial and local axial strains measured 
directly on the sample. For all the tests the global measurement was chosen, 
avoiding any spatial interference in the sample with the axial strain 
inclinometers. 

In triaxial specimens, it is crucial to measure “local” axial strain, by which 
definition bedding error is to be excluded in the measurements. The internal 
inclinometers agree well with this condition of no bedding error. They can be 
used for strain levels ranging from 10-6 to 10-2. This range is really important, 
since the attainment of 10-1 coincides with the end of the stiff initial 
behaviour and it can be taken as the limit tot the small strain range. For 
larger strains the external measurement is required. In this work, if possible, 
the combination of both was used. However, not always the internal 
inclinometers showed reliable measurements, and a external measurement 
was used for all the strain range. 

 

Sources of error 

For a triaxial specimen, there are several sources of error involved in the 
external axial strain measurement (Jardine et al., 1984). The more important 
sources for axial strain measurements are the following: 

1.-Bedding error on the top and bottom of the specimen due to the 
irregularities in the top of the sample resulting from the sample preparation. 

2.-Seating errors in the gaps at both ends, because of the non-uniformity of 
the contact surfaces of the load cell and the top platen and also of the 
porous stone and the bottom platen. 

3. -Misalignment of the sample, caused by problems in properly positioning 
the sample on the pedestal. It may result in tilting of the sample, not being 
co-axial. 

4. -System compliance due to the deflection of load cell, top cap, cell, 
piston and so on. 

5. -Strain non-uniformity of the specimen due to end restraints, leading to 
bulging of the specimen. 

6. -Shear bending (strain localization of the specimen). 

Imperial College London, 2007 42 



A. TUGORES-GARCĺA                                            LOADING RATE EFFECTS ON DOG’S BAY SAND 

7.-Compliance error from deformations in the load cell, tie bars in the 
loading system and also lubricated ends if present (not in these present 
experiments.) 

However, these errors can be quantified by calibration, but large 
unaccountable errors remain due to: 

i) the difficulty of having a plain upper end face in the reconstituted 
sample. 

ii) the manual adjustment in the connection between the load cell 
and the sample top cap. 

iii) the “bedding down” at the ends of the sample, because of local 
surface irregularities or voids. 

 

In a conventional triaxial test some movements develop during shear testing 
which may give rise to an overestimate of the axial strain. 

Another source of error is found at deflexion ΔL of load cell (Atkinson & 
Barnsby, 1985). These authors found in their apparatus used at Imperial 
College an error in axial strain of approximately 0.08% per 100 kPa deviatoric 
stress for a 38 m diameter sample. 

The errors due to transducer accuracy are also another source of concern. 
At small stress changes, the error is governed by noise; while over the 
duration of the whole test, the typical error will result from non-linearity. The 
following items are common sources of error: 

*Resolution of the transducer system. 

*Resolution of the A/D converter. 

*Environmental disturbance (temperature change, vibration and etc.). 

Temperature effects are, certainly, a source of errors in triaxial tests. The 
water in the cell, sample, drainage lines and volume gauge are sensitive to 
temperature as is the soil itself. Stabilisation of the temperature around the 
apparatus using a high quality air conditioning system minimised these 
effects. However, small fluctuations in the measurements where observed in 
the laboratory of Soil Mechanics when users entered into the room or where 
near the triaxial apparatus and transducers. 
Membrane restraint can also be a source for errors in triaxial tests. This can 
affect the radial expansion of the sample. For tests conducted at low 
stresses, this error becomes particularly important. The normal correction 
method for membrane restraint is to consider it as an increase in the 
effective cell pressure. From Qadimi (2005), it is considered that the pressure 
levels of this work were high enough to ignore the effect of this type of error 
on the results. 

Another main source of error related to the membrane in triaxial tests is 
membrane penetration. When the effective cell pressure increases, the 
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membrane can deform around the coarser particles. This can result in errors 
in the pore pressure in undrained tests. The grading of Dog’s Bay sand is 
considered not coarse enough to give significant errors in the volumetric 
strain data and pore pressures. 
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4.- Results of triaxial tests 
 
In this chapter, the results of the triaxial tests are shown. In 4.1, the data of 
the drained triaxial tests from Ferreira, Platis, and Pratheepan has been 
plotted in some graphs. Before being plotted, their test results were analyzed 
and some variables like the void ratio or the axial strain calculations were 
uniformized or corrected. In 4.2 the results of the six undrained tests that were 
successful are shown. The results of the oedometer tests are shown and 
analyzed in chapter 5. 
 

4.1.- Drained triaxial  tests 
Five different types of graphs are shown: 
1. ln(p’) - v      2. εA - q       3. εA – εvol       4. εA - ESEC    and       5. p’/ p’p – q/p’p.  
In section 5.1 these graphs are analyzed in detail. 

 
1.- v – ln(p’) 
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Ferreira DBLS-32, vo =2.582, CR=50 kPa - SR=18.7%/h - Creep=596 h Ferreira DBLS-34, vo =2.532, CR=50 - SR=1 - Creep=720 h

 Figure 4.1. Graph ln(p’) - v for tests at a consolidation pressure of 1100 kPa. 
 Results plotted from data from Ferreira, Pratheepan and Platis. 
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 Figure 4.2. Graph ln(p’) - v for tests at a consolidation pressure of 700 kPa. 
Results plotted from data from Ferreira, Pratheepan and Platis. 

σ'3c = 500 kPa

2,200

2,300

2,400

2,500

2,600

2,700

10 100 1.000p' (kPa)

v

Test.1 - vo=2.257 - CR=50kPa/h - SR=1%/h - Creep=0h

Test.4 - vo=2.419 - CR=1200kPa/h - SR=1%/h - Creep=0h

Test.5 - vo=2.431 - CR=1200kPa/h - SR=60%/h - Creep=0h
DBLS.19 - vo=2.390 - CR=150kPa/h - SR=3.3%/h - Creep=43h

DBLS.25 - vo=2.771 - CR=20kPa/h - SR=13%/h - Creep=91h

`̀

Figure 4.3. Graph ln(p’) - v for tests at a consolidation pressure of 500 kPa. 
Results plotted from data from Ferreira, Pratheepan and Platis.
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 2.- εA - q 

 

σ'3c = 1100 kPa

0

500

1.000

1.500

2.000

2.500

3.000

3.500

0 5 10 15 20 25 30 35
ε Α (%)

q 
 (k

Pa
)

Db36sloe comp short creep  slow shearing db38 slow comp short creep  fast shearing
db39fast comp long creep  slow shearing db40 fast comp long creep  fast shearing
db41fast comp short creep  fast shearing db42 Slow comp short creep  fast shearing
db43 slow comp Long creep  slow shearing Ferreira S-34
Ferreira S-32 Platis Test 2, vo=2.367- CR=50 kPa - SR= 1 %/h - Creep = 0h
Platis Test 6, vo=2.312- CR=1200 kPa - SR= 1 %/h - Creep = 0h Platis Test 7

 
Figure 4.4. Graph  εA (%) - q for tests at a consolidation pressure of 1100 kPa. 

Results plotted from data from Ferreira, Pratheepan and Platis. 
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Figure 4.5. Graph  εA (%) - q for tests at a consolidation pressure of 700 kPa. 
Results plotted from data from Ferreira, Pratheepan and Platis. 
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Figure 4.6. Graph  εA (%) - q for tests at a consolidation pressure of 500 kPa. 
Results plotted from data from Ferreira, Pratheepan and Platis. 
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Platis Test 2, vo=2.367- CR=50 kPa - SR= 1 %/h - Creep = 0h
Platis Test 6, vo=2.312- CR=1200 kPa - SR= 1 %/h - Creep = 0h
Platis Test 7, vo=2.346- CR=1200 kPa - SR= 18.7 %/h - Creep = 0h
Ferreira DBLS-32, vo =2.582, CR=50 kPa - SR=18.7%/h - Creep=596 h
Ferreira DBLS-34, vo =2.532, CR=50 - SR=1 - Creep=720 h

   Figure 4.7. Graph εA(%)- εvol (%) for tests at a consolidation pressure of 1100 kPa. 
Results plotted from data from Ferreira, Pratheepan and Platis. 
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 Figure 4.8. Graph εA(%)- εvol (%) for tests at a consolidation pressure of 700 kPa. 
Results plotted from data from Ferreira, Pratheepan and Platis. 

σ'3c = 500 kPa

-20

-15

-10

-5

0

0 5 10 15 20 25 30

ε Α  (%)

ε v
 (%

)

Test.1 - v o=2.257 - CR=50kPa/h - SR=1%/h - Creep=0h
Test.4 - v o=2.419 - CR=1200kPa/h - SR=1%/h - Creep=0h
Test.5 - v o=2.431 - CR=1200kPa/h - SR=60%/h - Creep=0h
DBLS.19 - v o=2.390 - CR=150kPa/h - SR=3.3%/h - Creep=43h
DBLS.25 - v o=2.771 - CR=20kPa/h - SR=13%/h - Creep=91h

`̀

 
Figure 4.9. Graph   εA(%)- εvol (%) for tests at a consolidation pressure of 500 kPa. 

Results plotted from data from Ferreira, Pratheepan and Platis. 
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Platis Test 2; CR= 50 kPa/h, no creep, SR= 1%/h Platis Test 6, CR= 1200kPa/h, no creep, SR= 1%/h
Platis Test 7, CR= 1200kPa/h, no creep, SR= 18.7%/h Ferreira DBLS 34, CR= 50kPa7h, creep= 720h, SR= 1%/h
Ferreira DBLS 32, CR= 50 kPa/h,creep=596h, SR=18.7%/h

Figure 4.10. Graph εA -ESEC for tests at a consolidation pressure of 1100 kPa. Results 
plotted from data from Ferreira, Pratheepan and Platis. 

 

Imperial College London, 2007 51 



A. TUGORES-GARCĺA                                            LOADING RATE EFFECTS ON DOG’S BAY SAND 

σ'3c = 700 kPa

0

100

200

300

400

500

0.001 0.010 0.100 1.000 10.000

ε Α  (%)

E s
ec

 (M
pa

)

Test.3 - vo=2.346 - CR=1200kPa/h - SR=1%/h - Creep=0h

DBLS.29 - vo=2.638 - CR=? - SR=1%/h - Creep=216h

DBLS.30 - vo=2.659 - CR=20kPa/h - SR=6%/h -
Creep=1440h
DBLS.31 - vo=2.569 - CR=1200kPa/h - SR=21.7%/h -
Creep=694h

`̀

 
Figure 4.11. Graph εA (%) - ESec for tests at a consolidation pressure of 700 kPa. 

Results plotted from data from Ferreira, Pratheepan and Platis. 
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Figure 4.12. Graph εA (%) - ESEC for tests at a consolidation pressure of 500 kPa. 
Results plotted from data from Ferreira, Pratheepan and Platis. 
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5.- p’/ p’p – q/p’p
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db36 slow comp short creep  s low shearing Ferreira DBLS-34, vo=2.585, CR= 50kPa/h, Creep= 720h, SR= 1%/h
Ferreria DBLS 32, CR= 50 kPa/h, Creep= 596h, SR=18.7%/h Platis  Test 6, vo=2.312, CR= 1200 kPa/h, no creep, SR= 1%/h
Platis  Test 7, vo=2.346, CR=1200 kPa/h, no creep, SR= 18.7%/h Test.1 - vo=2.257 - CR=50kPa/h - SR=1%/h - Creep=0h
Test.4 - vo=2.419 - CR=1200kPa/h - SR=1%/h - Creep=0h Test.5 - vo=2.431 - CR=1200kPa/h - SR=60%/h - Creep=0h
DBLS.19 - vo=2.390 - CR=150kPa/h - SR=3.3%/h - Creep=43h Test.3 - vo=2.346 - CR=1200kPa/h - SR=1%/h - Creep=0h
DBLS.29 - vo=2.638 - CR=? - SR=1%/h - Creep=216h DBLS.30 - vo=2.659 - CR=20kPa/h - SR=6%/h - Creep=1440h
DBLS.31 - vo=2.569 - CR=1200kPa/h - SR=21.7%/h - Creep=694h

Figure 4.13. Normalized stresses graph for drained tests. Results plotted from data 
from Ferreira, Pratheepan and Platis. 
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4.2.-Undrained triaxial tests 
 
A summary of the variables of the six undrained triaxial tests that were 
carried out is shown in table 4.1  
 

Sample 
 

σ'3 
(kPa) 

V0 
from 

e0

V0 
from 
emean

Consolidation 
Rate 

(kPa/h) 

Creep 
Time 
(h) 

Shearing 
Rate 
(%/h) 

Used 
void 
ratio 

 
1 500 2.431 2.396 50 6 1 from eo 
2 500 2.345 2.382 1200 0 1 from eo 
3 500 2.405 2.484 1200 0 47 from eo 
5 500 2.332 2.275 1200 0.33 43 from eo 
6 500 2.379 2.350 1200 0 46 from eo 
7 500 2.284 2.208 1200 0 47 from eo 

 
Table 4.1. Undrained tests data. 

 
From the obtained results, five different types of graphs are shown:  
 1. ln(p’)-v 
 2. εA-q 

 3. εA– Pore pressure (u) 
 4. εA.–Esec  and 
 5. p’/ p’p – q/p’p. 
These results are analyzed in detail in section 5.2. 
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1. Graph  log(p')- v. Undrained Tests (Tugores)
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  Figure 4.14. Graph  ln(p’) – v for the undrained tests.  

2. Graph εΑ (%)- q. Undrained Tests (Tugores)
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Figure 4.15. Graph εA (%) - q for the undrained tests. 
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 3.  Graph εΑ (%) - Pore pressure.  Undrained Tests (Tugores)
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Figure 4.16. Graph εA (%) – Pore pressure (u) for the undrained tests. 

4.  Graph εΑ (%) -Esec. Undrained tests (Tugores)
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 Figure 4.17 εA (%) - ESEC for the undrained tests. 
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5. Normalised shearing graph. Undrained Tests (Tugores)
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Figure 4.18. Normalised shearing graph for the undrained tests. 
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5.- Results analysis 

 

The results shown in the previous graphs are studied in detail in this 
chapter, focusing on those variables and aspects that could reveal 
interesting characteristics of the Dog’s Bay sand mechanical behaviour. 
At the end of this chapter it is pretended that some clear conclusions 
could be introduced in chapter 6, Conclusions and Recommendations. 

The structure of this chapter is similar to the previous one. In chapter 5.1 
the drained triaxial tests are analyzed; in chapter 5.2, the undrained 
triaxial tests; but also in chapter 5.3, the results of oedometer tests are 
shown in a single figure and analyzed.  

 
5.1- Drained triaxial tests  

 
1   ln(p’) - v 

As it can be observed, it does not seem to be any significant difference in 
the behaviour between those tests with a slower consolidation rate (50 
kPa/h) and those with a faster rate (either 1080 kPa/h or 1200 kPa/h). 

From the details of figure 4.1, four tests with a very similar initial void ratio 
can be compared deeply. 
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b) 
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Figure 5.1 (a) and (b). Details of the figure 4.1. 

 

 

Test Consolidation Rate 
(kPa/h) 

V0

Test 7 Platis  
 

1200 2.346 

db 40 
 

1080 2.341 

dB 39 
 

1080 2.339 

dB 43 
 

50 2.334 

 

Table 5.1. Consolidation rate and initial void ratio of tests 7, 40, 39 and 43. 

 

The paths followed by these four tests are parallel between them. There is 
not any remarkable difference for the test db 43 compared to the other 
tests with a faster consolidation rate. 

The small test variability could have larger effect than any influence of 
consolidation rate, as can be observed when the test dB 39, at a rate of 
1200 kPa/h, has a slightly different path, while the test db 43, at a 
consolidation rate of 50 kPa/h, remains parallel to the other tests with a 
faster rate.  
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 2   q – εA

All tests that begin the shearing stage after a creep stage have a stiffer 
behaviour. In graph 4.4, tests db 34, db 40, 32 and 34 have all a creep 
period of more than 500 hours and they show a much steeper path, 
reaching higher deviatoric stresses under a constant strain rate. For these 
long creep tests, the shearing rate does not seem to have any significant 
influence in the initial deviatoric stress.  

As the shearing continues, the creep variable has no longer influence 
and when the axial strain reaches 3%, tests with or without creep cannot 
be differentiated. Later, almost all the paths in this graph are parallel 
between them.  

There is not any trend that could be explained by the shearing rate or the 
consolidation rate, because tests with significant differences in these two 
variables are not more prone to have a different behaviour than other 
tests with more similarities between them in loading or strain rates. 

In graph 4.6, the paths of the four tests are arranged by the void ratio. 
The tests 4 and 5 of this graph have the most similar void ratio and despite 
of having very different shearing rates, the paths are also very similar, 
showing parallel paths. This trend seems the same that was related to the 
pure evanescent behaviour presented by Di Benedetto et al. (2005) and 
exemplified in figure 3.2. 

From the graph 4.4, a detail of four tests with a very similar void ratio can 
be shown in figure 5.2. 
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Figure 5.2. Detail of figure 4.4. 
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Test Creep (h) Shearing Rate 
(%/h) 

Vo 

db 36  
 

0.5 1 2.330 

db 39 
 

20.8 1 2.339 

db 40 
 

21 Fast (21-60) 2.341 

db 43  
 

22 1 2.334 

Table 5.2.  Summary of the variables of tests 36, 39, 40 and 43. 

 

It can be observed that tests 36, 40 and 39 are parallel between them. 
Moreover, these two latter follow the same path, despite of having very 
different shearing rates. The short creep of 36 also seems to have a less 
pronounced effect that the longer creep of 21 h experimented in test 38, 
40 and 43.  

This behaviour is not contradictory with the results of tests figure 4.5. There, 
tests 29 and 30, which have the most similar initial void ratio of the four 
tests of the graph, behave in almost the same way during the shearing 
stage, as shown in the figure 5.3. The creeping times are 216 h and 1440 h 
for test 29 and test 3 respectively, but it makes no difference when 
studying small deformations. So, at very small axial strains, test 30 is almost 
parallel to test 29. When the initial axial strains are applied, from the early 
beginnings until εA = 3%, both test paths are gradually separated. After 
that, the distance between both tests remain almost constant, and a 
similar difference is found at the end of the shearing, when εA = 30%. 
However, in the middle of the test, at εA of 15%, the paths have become 
gradually separated, introducing the possibility of a slight strain rate 
influence.  Anyway, from εA = 15% until the end of both tests, they tend to 
converge to the same line in the εA - q space. 

From the literature review (Tatsuoka et al., 2002), it is observed that faster 
rates cause larger deviatoric stresses. In this case test 29 with SR =1 %/h 
reaches higher values of q than test 30 with SR= 6 %/h. It can be assumed 
that this difference is caused by any test variability and not by the 
shearing rate influence. If an intermediate isotach behaviour was 
supposed, the possible effect of strain rate in the mechanical behaviour 
found in tests 29 and 30 would be opposite and contradictory with the 
expected effect in the isotach theory. 
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Figure 5.3. Detail of figure 4.5. 

 

 
3   εA – εvol 

It does not seem to be any influence of consolidation rate or shearing rate. 
However, the creep influences the mechanical behaviour of DBS at the 
beginning of the test in such a way that the longer the creep is the smaller 
volumetric strain is shown during the shearing stage, under a constant 
strain rate. In the following detail of figure 4.7 (figure 5.4), it can be shown 
how tests 38, 40, 39 and 43 show the smallest volumetric strains while 
having had long creeping periods before.  

The same comment is applicable for the other two charts, at isotropic 
compressions of 500 and 700 kPa. Those tests with a previous stage of 
creep show a clear tendency to have a smaller volumetric strain, 
especially for an axial strain εA lower than 1%. 
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σ'3c = 1100 kPa 
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Ferreira DBLS-32, vo =2.582, CR=50 kPa - SR=18.7%/h - Creep=596 h Ferreira DBLS-34, vo =2.532, CR=50 - SR=1 - Creep=720 h
 

Figure 5.4. Detail of figure 4.7. 

 

On the other hand, it has been found almost impossible to define any 
possible influence of any strain rate. This assessment agrees with the 
behaviour described by other authors in the literature review, like Sorensen, 
Baudet and Simpson (2007) who already found the relationship between 
the volumetric strain and axial strain independent of shearing rate during 
the drained shearing. Consequently, it can be said, at least, that the axial 
and volumetric deformations are affected in equal proportions by 
changes in strain rate. 
 
 4   εA – ESEC  
Those tests with a creeping stage previous to the shearing, when 
considering axial strains εa  of up to 0.1%, develop a higher ESEC than the 
other tests,. From axial strains larger than 1%, all tests follow a similar path, 
with a significant similarity in their paths.  

From these charts it was not possible to distinguish any long-term significant 
mechanical behaviour pattern influenced by the loading strain rate. 
However, for small strains between 0.01% and 0.1%, those tests with a 
higher shearing rate showed a slightly larger secant modulus than those 
others with a similar creeping stage but sheared at a slower rate. Some 
examples of these comments are shown. 

-In figure 4.10, tests 39,40,43 and 32 with creep periods of around 20 hours 
and tests 32 and 34, creeping more than 500 hours, for small strains of the 
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order of 0.01 to 0.1 %, show a larger ESEC than any other test. For the same 
isotropic compression, tests 2, 6 and 7, without creeping, show the lowest 
values of ESEC.  All curves in the graph εa--ESEC tend to rejoin a similar curve 
for higher deformations.  

In the same figure 4.10, it is observed that test 32 (creep time=596 h, SR= 
18.7%/h) has a larger secant modulus than test 34 (creep time= 720 h, SR= 
1%/h) and the reason could be the faster axial deformation applied in test 
32. This effect is no longer present for axial strains larger than 0.1%/h. In 
4.12, a similar reasoning can be used to explain why test 5 (SR= 60%/h) has 
a larger secant modulus than tests 4 and 1 (at a SR= 1%/h) for small strains 
between 0.01% and 0.2%/h.  

For both examples, the effect of shearing rate is minor compared with the 
influence of the length of the creeping stage. However, it can explain 
small deviations at small deformations between tests under a similar 
creeping period. A higher shearing rate affects the εa--ESEC path having a 
slightly larger secant modulus at short deformations. 
 
 
 5   p’/p’p – q / p’p  
In this normalized graph, those tests with a similar void ratio can be 
compared, because this ratio determines in which point of the x-axis (p/p’) 
the plotted path begins. The preconsolidation pressure, p’p, is a normalizing 
factor that makes that in this stresses graph q/ p’p – p’/ p’p,  the relative 
position referring the NCL can be known. The compression line of 
reference is the same for all these tests, independently of the isotropic 
compression or any loading rate applied, as explained in the introduction 
chapter of this work. 

The loading path in this q/ p’p – p’/ p’p space has an initial slope of 3:1, 
which corresponds to the path in drained tests, obtained from: 

x-axis: p’= 1/3·(σ’1 + σ’3)  and   y-axis: q= σ1 – σ3

The tests 25, 29, 30, 31, 32, 34, 39 and 40, with a higher vo and/or confining 
pressure have a normalized path with an initial slope of 3:1, when below 
the boundary surface. When the boundary surface is reached, these test 
paths also follow the Roscoe surface, like the drier tests. 

Under a low isotropic compression (e.g. 500 kPa), it is more difficult for the 
particle packing to be sufficiently loose to reach the normal compression 
line. 

 Almost all tests represented in these graphs appear to define the same 
Roscoe surface. However, in some cases this would be contradictory. For 
all the tests shown in this graph, the critical state parameters N and λ 
were obtained from Coop (1990), who took 5-7 days with the 
compression and shearing stages. Some of the tests from Ferreira 
considered in this graph (29, 30, 31, 32, and 34) crept a lot of time, from 
25 to 60 days, which is a much longer period of time than in the case of 
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Coop, and these tests could seem more similar to the long-time tests of 
Qadimi. Nevertheless, if the normalizing factor p’p, was defined with the 
critical state parameters from Qadimi, these long-term tests would 
appear outside the Qadimi’s Roscoe surface, which is an unrealistic 
configuration. 

From this graph, it can be said that the sand mechanical behaviour is 
clearly time-dependent. This seems to be related to the total testing time 
and not to the specifics consolidation and shearing rates. Consequently, 
the creeping time is governing the mechanical behaviour.  Different CSL 
points seem to be found in three cases, depending on the loading time. 
In figure 5.5 these three groups appear with different colours: 

-For short-time tests (blue): all those tests without creep are included in 
this group. Their paths do not converge to the CSL point defined by 
Coop, but most of them seem to converge to a unique state point, in a 
lower position 

-For intermediate-time tests (green): it refers to short-creep tests, from 30 
minutes to 43 hours. In this group, test 19, from Ferreira, is included. This is 
the experiment that shows the clearest tendency to reach the CSL from 
Coop. Other tests, like 36 have the same behaviour that the long-creep 
tests. 

-For long-time tests (red): tests with long creep time, from 21 to 1440 hours 
(2 months).  In this case there are two tendencies, depending on the 
researcher: from Ferreira, all the paths tend to join a point in the Roscoe 
surface, which could be the CSL from Coop, or maybe another located 
in a higher position; however, from Pratheepan, the paths seem to finish 
outside the Roscoe surface.
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Platis Test 7, vo=2.346, CR=1200 kPa/h, no creep, SR= 18.7%/h Test.1 - vo=2.257 - CR=50kPa/h - SR=1%/h - Creep=0h

Test.4 - vo=2.419 - CR=1200kPa/h - SR=1%/h - Creep=0h Test.5 - vo=2.431 - CR=1200kPa/h - SR=60%/h - Creep=0h

DBLS.19 - vo=2.390 - CR=150kPa/h - SR=3.3%/h - Creep=43h Test.3 - vo=2.346 - CR=1200kPa/h - SR=1%/h - Creep=0h

DBLS.29 - vo=2.638 - CR=? - SR=1%/h - Creep=216h DBLS.30 - vo=2.659 - CR=20kPa/h - SR=6%/h - Creep=1440h

DBLS.31 - vo=2.569 - CR=1200kPa/h - SR=21.7%/h - Creep=694h

.   

Figure 5.5. Normalized graph of drained tests. In blue colour, short-time tests; in 
green colour, intermediate-time tests; and in red colour, long-time tests. Results 

plotted from data from Ferreira, Pratheepan and Platis. 

 

To sum up, the overall analysis of the different tests in this normalized graph is 
quite contradictory. Depending on the researcher different tendencies can be 
interpreted. Nevertheless, short-time tests seem to define the CSL point in a lower 
position, and long-time tests in a higher. These latter, however, if where 
normalised with the state parameters from Qadimi would reflect unrealistic 
results, beginning in some cases the shearing stage outside the Roscoe surface. 

It would be interesting that the most significant experiments were repeated by an 
unique researcher, checking if a different CSL point is found in the normalized 
graph or not. 
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5.2- Undrained triaxial tests  
 

1  ln(p’) - v 
From the four undrained tests carried out by the author, two of them, test 3 
and test 2, had a small leakage in the membrane, which invalidated the 
results obtained during the isotropic compression referring the volumetric 
strain. However, taking into account the results of both the drained tests and 
the undrained tests 6 and 5, which showed that during the consolidation 
stage, tests with a consolidation rate of 50 kPa/h have no difference with 
others at CR=1200 kPa/h, for both tests 3 and 5, the curves in this graph are 
accurately simulated. Then, the initial position in the normalized graph (5) for 
both tests is more reliable and it reflects the real behaviour of these samples. 
In this case, no more conclusions can be added to the analysis carried out 
from the graph 4.14, since the consolidation stage is exactly the same in 
these undrained triaxial tests. 

2   εA-q 
Under a constant axial strain rate, the required initial deviatoric stress q 
during the constant-strain-shearing stage is larger in those tests with a 
previous creep stage (tests 1 and 5). This is a normal behaviour caused by 
the allowed stress dissipation during the creeping period.  
The influence of the shearing rate seems null when there is a creep stage 
before the shearing stage that allows the stress dissipation (test 1). However, 
when there is a fast consolidation and after that no creep is allowed, like test 
2 (CR=1200 kPa/h, no creep and SR= 1 %/h), the constant strain rate could 
have an influence in the generated deviatoric stress q. This effect is then 
linked to the previous consolidation rate. It provokes that at a fast CR, high 
stresses are generated and after the consolidation they cannot be 
dissipated because of the inexistent creep. This is clearly one of the main 
differences between differences between the rate effects in drained tests 
and in undrained tests.  
Under a constant axial strain rate, the required initial deviatoric stress q 
during the constant-strain-shearing stage is larger in those tests with a 
previous creep stage (tests 1 and 5). This is a normal behaviour caused by 
the allowed stress dissipation during the creeping period 

3. εA– Pore pressure (u) 
At the beginning of the undrained shearing stage, the pore pressures raise to 
more than 400 kPa. As told for the analysis of the graphs in the space q- εA, 
the creep causes the dissipation of the generated pressures. 

When a fast consolidation is carried out, and the shearing begins ipso facto 
at a slow rate, like in test 2, the pore pressure goes further up and much 
faster than in the other tests because the stresses are dissipated under a slow 
strain deformation as pore pressure. 
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For the fast shearing tests, 3, 5, 6 and 7, the maximum pore pressure is reached at 
an axial strain εA of 4% approximately, while the tests with SR= 1 %/h, develop the 
pore pressure peak before: for the test 2, this peak is very sudden as analyzed 
before, and for the test 1 it is at εA= 2.5%. 

Another trend regards the creeping time influence. The pore pressure peak is 
slightly lower for tests 1 and 5, with creep, showing just a 4% - %5 lower pore 
pressure than in the other tests 3,6 and 7. If not only has a test no creep but also 
a slow shearing, like test 2, the pore pressure is much larger, as said before. 

There is not any clear influence of the shearing rate or the creep time when the 
axial strain is larger than 5%. 

4   εA – ESEC  
A detail of the graph εΑ - ESEC is shown in figure 4.17. As it can be observed, at 
small strains, tests 1 and 5, with a creep time of 6 hours and 20 minutes 
respectively, show a slightly larger value of ESEC than the other tests, all without 
any creeping period. 

 

Test 5. Tugores
σ'3c = 500 kPa - Consolidation rate:1200 kPa - Creep = 30 min - Shearing rate 

:45%/h

0

10

20

30

40

1.000 10.000εΑ (%)

Esec (MPa)

Test 5 Test 2

Test 3 Test 1

Test 6 Test 7

 
Figure 5.6 Detail of figure 4.17 

 

The test 2, without creep and at a slow shearing rate, shows the lowest value 
of ESEC. More experiments should be carried out to conclude if the shearing 
rate has any influence in the secant modulus. From the present results in the 
space εΑ (%)-E SEC, a significant scatter can be observed when comparing 
tests 3, 6 and 7, despite of having the same parameters of creep and 
shearing. Consequently, these differences question any deep analysis and 
more tests are needed. Nevertheless, the same trends of behaviour described 
in this figure are found in the result analysis of drained tests. 
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5   p’/ p’p – q/p’p
The critical state is not reached in any test.  The effect of creep, in tests 1 and 
5, is a stiffer slope at the beginning of the paths in the normalized graph. All 
the tests join the same surface in the graph (Hvorslev surface). Those tests with 
creep join it at a higher deviatoric stress q.  

More experiments, having looser sand samples are required, in order to reach 
the critical state point, found by Coop (1990). Also, the effect of different 
creep periods should be studied, because in the present figure, a stiffer path 
is shown in test 5, with 20 minutes of creep than in test 1, with 6 hours, 
probably influenced by the different initial distance to the NCL point and the 
Hvorslev surface. 

 

 

5.3- Oedometer Tests 
 

Oedometer Tests. Tugores.

1.2

1.4

1.6

1.8

2

2.2

2.4

10 100 1 000 10 000 100 000
σ'v (MPa)

v

 t=720 min t= 3 min
t=6 min. (a) t= 6 min (b)
t=30 min t=30 min (b)
t = 6 min (c) t = 6 min (d)

Figure 5.7. σV’- v relation in oedometer tests. 

 

The results of the oedometer tests are shown in figure 5.7. The tests are 
classified by the allowed time between every load increment. The weight 
was doubled from 0.5 lb until 480 lb at equal time intervals. Before every 
increment, the final displacement was recorded, which is shown in this figure. 
These results reveal that different K0 lines exist depending on the rate of 
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loading. Due to safety limitations the fastest loading rate was a load every 3 
minutes and because of the time limitations of this research work, the largest 
loaded period before the next increment was 12 hours. The intermediate 
loading rate was 30 minutes, having enough time to double ten times the 
load in the same day. 

The same slope of K0 = 0.29 is obtained in the three compression lines in the 
space v- σ’V. There are not differences between the tests with a loading 
increment time of 3 and 6 minutes. 

Similar tests were carried out in several occasions, in order to verify that 
different compression lines were caused by the loading rate and not 
because of differences in the initial void ratio. Unfortunately, a second test 
with a loading rate of 720 minutes or 1 day (1440 minutes) was not possible. 
Nevertheless, it is clearly shown how the experiments 30 min(b) and 30 min(a) 
are similar in void ratio to the experiment 6 min (b) (v0 of 2.298, 2.288 and 
2.292 respectively), but they follow different compression paths in the space 
v- σ’V. Also, all the 6-minutes tests begin from different initial void ratios but 
the same compression line is joined. 

To sum up, the compression line is reached at smaller void ratios than usual 
when a longer period of time is allowed between loading increments. This 
result is clearly consistent with the observations of Qadimi (2005), who found 
a lower NCL during his tests on DBS than Coop (1990) because of carrying 
out longer-term experiments.  
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6.- Conclusions and Recommendations 

 
From the results shown in chapter 4 and the posterior analysis in chapter 5 
some clear conclusions can be set out. The use of three different kinds of 
tests -undrained and drained triaxial tests and oedometer tests-, allows a 
wide analysis of the mechanical behaviour of the Dog’s Bay Sand (DBS) 
under monotonic compressive loading conditions.  

For the triaxial tests, different deductions can be extracted from the isotropic 
consolidation and the shearing stages as well as from the oedometer tests. 
Conclusion 1 comes from the observations in the isotropic consolidation 
stages in the triaxial tests. Conclusions. 2, 3 and 4 are obtained from the 
results in the drained shearing stage, as well as the 5 and 6 come from the 
results in the undrained shearing stage. From the oedometer tests a unique 
but very clear conclusion, 7, is included. 

After these conclusions, a set of recommendations is introduced, 
encouraging a further study on the subject and the development of those 
unfinished tests and the unfinished aspects of the present work. 

 

Conclusions 

 

1.-During the isotropic consolidation, the loading rate has no influence in the 
mechanical behaviour of the sample 

 
2.-Drained tests have a stiffer behaviour at the beginning of the shearing 
stage when some creep is allowed after the isotropic consolidation. From 
the triaxial tests, some examples of this pattern are shown in the shearing 
stage and under a constant axial strain rate: 

a) The deviatoric stress q at a certain axial strain εA is higher in those 
tests with a previous creep period. However, when the axial strain εA 
reaches approximately 3%, until the end of the test, there is no 
difference between tests with or without creep. 

b) The longer the creep period, the smaller volumetric strain is shown 
at a certain strain εA. 

c) When considering axial strains εA up to 0.1%, a higher ESEC is shown in 
those tests with a creeping stage before the shearing stage. From εA > 
1%, all tests show a similar path in the εA- ESEC space. 

 

3.-Different consolidation or shearing rates do not cause any variation in the 
relation between volumetric and axial strain. 
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4.-The shearing rate has a small influence in the secant modulus of elasticity. 
At small axial strains between 0.01% and 0.1%, a higher shearing rate causes 
a slightly larger secant modulus when tests with a similar creeping period are 
compared, despite being the creep time a more decisive variable. A similar 
trend is shown for the undrained case, but at axial strains between 1% and 
10%. 

 

5.-Creep time is the most decisive variable. The effects are very similar to the 
drained case. Three examples of its influence are described: 

a) Tests with a creep stage require a larger deviatoric stress q at the 
beginning of the shearing stage than tests without it.  

b) The pore pressure peak is reached at a larger axial strain (at εA≈4%) 
in fast shearing tests than in slow shearing tests (at εA 2.5%). More 
experiments are required to conclude if comparing tests with equal 
creep time (e.g. 6 hours) but different shearing rate any strain rate 
dependence is shown. 

≈

c) In the εA- ESEC space, those tests with a creep period show a higher 
ESEC value for axial strains between 0.1% and 2%. 

 

6.-The consolidation rate has only influence when no creep is allowed 
before the undrained shearing stage. Then, the consolidation rate and the 
shearing rate interact together. At a slow strain rate, a higher pore pressure 
and a lower deviatoric stress q are generated, when comparing with fast 
shearing tests at the same strain. 

 

7.-Different K0 lines are found when different loading rates are applied. A 
higher K0 line is obtained as the loading time decreases. 

 

 

From these comments, it can be said that neither the consolidation nor the 
shearing rate have any significant and direct long-term influence in the 
mechanical behaviour of the DBS on their own, but they interact in 
undrained tests when no creep is allowed. 

However, the material demonstrates a time-dependent behaviour and it 
can be said that the time length that the sample is under loading because 
of long or short creep times or because of very different shearing rates, 
affects the behaviour of DBS.   

The shearing rate dependence could be studied through stepwise changes 
in strain rate, by comparing very different rates in the same test. 
Nevertheless, from the observations of the drained and undrained tests, it 
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can be assumed that the Dog’s Bay sand shows a pure evanescent viscous 
behaviour. 

 

Recommendations 

 

1.- More different shearing rates could be used in order to study if the strain 
rate has a significant influence in the mechanical behaviour of the DBS. As 
said in the conclusion, this type of sand seems to be mainly affected by the 
creep time, but not by the consolidation rate and not very significantly by 
the shearing rate, excepting in those undrained tests without creep, when 
both rates have an influence in the generation of deviatoric stresses and 
pore pressures. However, the author of this work, based on the results 
obtained by the previous research, does not think that the shearing rate can 
have any direct influence, but an effect in the total amount of time that the 
sample is under loading, which is shown to  be more important. It should be 
confirmed. 

 

2.- In the present work, the required time in tests with a slow shearing stage 
or a fast shearing stage is very similar, and any change in the creep time has 
more influence. In future works, with more time of research available, slower 
shearing rates could be interesting to study, obtaining a larger factor in the 
quotient fast/slow rates. The slower strain rates are restricted by the time of 
research available. Sometimes, the only option to check very different strain 
rates would be stepwise changes, as have been done in works considered 
in the chapter “Literature Review”. 

 

3.- More undrained tests should be done in order to understand the effects 
of combined changes in the consolidation rate, the creep time and the 
shearing rate, which have more linked effects than in the drained case. 

  

4.- The triaxial undrained tests should be done on more loose samples, 
beginning the shearing stage near the normal compression line. It should be 
intended to reach the critical state during the shearing stage, checking if 
different critical states exist for long-time and short-time tests. 

 

5.- Due to the contradictions found in the drained normalized graph, it 
would be interesting that the most significant experiments were repeated by 
an unique researcher, checking if different CSL points are found in the 
normalized graph, or not, and which normalizing state parameters are more 
suitable for the q/ p’p – p’/ p’p space. 
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6.- In the present oedometer tests, the initial void ratios of the samples have 
too much scatter between the different tests. So, in order to conclude that 
different compression lines are obtained when different loading rates are 
applied, some more oedometer tests should be done, under the same 
loading conditions than in this work, but having more similar initial void ratios.  
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