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Abstract

The paper begins with a definition of hard soils and soft 
rocks (HSSR); this is followed by a short overview of the 
typical stress-strain behavior of HSSR. It is shown that in 
spite of the differences in the origin, type and strength of 
materials, similar stress-strain behaviors can be observed 
for different materials, ranging from soils to rocks. Based 
on this observed similarity a theoretical framework can 
be postulated, with which an appropriate constitutive 
model for HSSR can be formulated. This model includes 
the concepts of structure and destructurization as intrinsic 
material properties.  A model named S_BRICK that takes 
into account the structure and destructurization has been 
developed and a comparison of this model’s predictions 
with laboratory results is presented.
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1 INTRODUCTION

For a long time hard soils and soft rocks (HSSR) were 
treated as borderline cases in soil and rock mechanics; 
this was mostly due to the fact that their strength and 
stiffness properties usually exceeded the design require-
ments expected for soft soils. However, with the increas-
ing number of large geotechnical projects executed in 
HSSR, a better understanding of their geomechanical 
behavior is needed so that they can be more accurately 
modeled.

First, a classification of HSSR will be presented; this 
will be followed by a description of their typical stress-
strain behavior. It will be shown that regardless of their 
strength, these materials behave in a similar manner to 
soils. The main difference between HSSR and soft soils 
is in their structure, which is responsible for the higher 
strength and stiffness in HSSR.

A model called S_BRICK, which includes both structure 
and destructuring, will be briefly explained, and then a 
comparison between the S_BRICK model’s predictions 
and the laboratory results on stiff North Sea clay will be 
presented. A comparison will also be carried out with 
a model that does not include structure. This model is 
called BRICK. It will be shown that the structure and 
its stability represent the key parameters that need to 
be accounted for in order to successfully model the 
behavior of HSSR.

2 A DEFINITION OF HARD SOILS 
AND SOFT ROCKS (HSSR)

From the practical point of view it is convenient to define 
HSSR according to their strength. There are several 
different classifications available, for example, ISRM 
[1], Bieniawski [2], BSI [3], and IAEG [4], to name just 
a small selection, which differ somewhat in terms of 
terminology and differ significantly in terms of defining 
the upper and lower limits of soils and rocks. IAEG [4], 
for instance, sets the limit for the uniaxial unconfined 
compressive strength (UCS), σc , for “weak rock” at 15 
MPa, BSI [3] sets it at 5 MPa, and  ISMR [1] and Bien-
iawski [2] set the limit for weak rock at 25 MPa. Hawkins 
and Pinches [5] have proposed a classification for the 
entire range of geological materials, i.e., soils and rocks, 
based on the UCS for the upper limit and the undrained 
triaxial strength, cu , for the lower limit. The advantage of 
this classification is that it doubles each class of soil and 
rock and also acknowledges the continuum between soils 
and rocks. The classification is presented in Table 1.
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Table 1. The classification of soils and rocks according to their 
strength [5]

Range Description

cu <20   kPa Very soft soils
cu 20–40 kPa Soft soils
cu 40–80 kPa Firm soils
cu 80–160          kPa Stiff soils
cu 160–320 kPa Very stiff soils
cu 320–640 kPa Hard soils
σc 1.25–2.5   Mpa Very weak rocks
σc 2.5–5 Mpa Weak rocks
σc 5–10 Mpa Moderately weak rocks
σc 10–50 Mpa Moderately strong rocks
σc 50–100 Mpa Strong rocks
σc 100–200 Mpa Very strong rocks
σc >200 Mpa Extremely strong rocks

Geological materials classified as HSSR, which are writ-
ten in bold in Table 1, represent an important fraction of 
all the geological materials in the geosphere, where most 
of construction takes place. They can be of different 
origin, ranging from igneous (decomposed and weath-
ered granites or basalts, tuffs, etc.), to metamorphic 
(phyllites, weathered and decomposed gneisses and 
schists) to sedimentary origin (claystones, siltstones, 
flysh marls, etc.), and are the products of rock-forming, 
rock-altering and sediment-forming processes.

However, only using strength to distinguish between 
soils and rocks can be misleading when their engineer-
ing behavior is being considered. There are some 
instances when the behavior of rocks can be better 
described using the concepts of soil mechanics. When 
the frictional strength of discontinuities becomes 
comparable to the intact strength of the rock (Hyett 
and Hudson [6]), for example, at large depths, rocks 
can behave and fail in a plastic manner that is typical 
for soils.  On the other hand, Picarelli and Olivares [7] 
describe the failure of stiff, highly fissured clay shales 
that fail on small-scale fissures that interconnect and 
form a discontinuity along which the material fails. Such 
phenomena are well described using the concepts of 
rock mechanics.

There is enough experimental evidence in the literature 
that demonstrates the conceptually similar stress-strain 
behavior of different geological material. Figure 1a, for 
example, shows oedometer compression and recom-
pression curves for tests carried out on natural intact 
samples of three stiff clays and a marl (Burland et al. 
[8]), and Figure 1b shows oedometer results for tests 
carried out on three different clay shales (Bertuccioli and 
Lanzo [9]). 

The compression curves of all the materials, ranging from 
stiff soils to marls and shales, show a similar compression 
behavior to that of soft soils, i.e., an initially stiff response 
until the normal compression line is reached, the begin-
ning of isotropic hardening, and an increase of the state 
boundary surface with continuing compression, followed 
by a stiff response when unloading.

Figure 1. Oedometer compression curves for a) three stiff clays and a marl [8], b) three different clay shales [9].

a) b)
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Figure 2 shows the results of isotropically consolidated 
drained triaxial tests on a Saint Vallier clay (Lefebre 
[10]) and a oolitic limestone (Elliot & Brown [11]). The 
tests labeled 1 were carried out at a low confining stress; 
the tests labeled 2 were carried out at an intermediate 
confining stress; and the tests labeled 3 were carried out 
at a high confining stress.

For both materials, when tested at a low confining stress 
(1), the results show a well-defined peak and a strain-
softening behavior after the peak, with a dilating volu-
metric response. The test carried out at a high confining 
stress shows stiff behavior until the yield surface is 
encountered, from where the deviator stress slowly 
increases toward the critical state line. Note that the 
volumetric behavior is compressive. It is also important 
to note that regardless of the strength difference between 
the clay (soft soil) and the oolitic limestone (weak to 
moderately weak rock) the responses are similar and can 
be well described using the concepts of critical state soil 
mechanics. 

Based on similar examples in the literature, Kavvadas 
[12] has proposed that the concepts of soil mechanics 

can be applied for the modeling of HSSR as long as the 
following two conditions are fulfilled:

1. the materials are significantly influenced by macro-
structural features (large-scale discontinuities),

2. the influence of excess pore pressure is important.

This definition of HSSR is important because it opens 
up the possibility for the development of a constitutive 
model for the entire range of geological materials, from 
soft soils to soft rocks, within the theoretical framework 
of critical state soil mechanics.

3 STRUCTURE: A KEY PARAMETER 
FOR THE DEVELOPMENT OF CON-
STITUTIVE MODELS FOR HSSR

It has been shown that in addition to important features 
like nonlinearity, state and stress history, a constitutive 
model has to include the effects of structure and destruc-

Figure 2. Isotropically consolidated drained triaxial tests on a) Saint Vallier 
clay (Lefebre [10]) and b) oolitic limestone (Elliot & Brown  [11]).

a) b)
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turing in order to describe the behavior of natural 
geological materials (Burland et al. [8], Leroueil and 
Vaugan [13], Kavvadas and Amorosi [14], Rouainia and 
Wood [15], Baudet [16], Cotecchia [17]). The origins of 
structure in natural materials are complex and can be 
attributed to different processes as well as physical and 
chemical conditions during and after sedimentation. 

There are different classifications and definitions that 
take into account different aspects of structure. Lambe 
and Whitman [18] proposed that structure is a combina-
tion of fabric and bonding, where fabric represents the 
arrangement of the soil particles and bonding represents 
the chemical, physical or any other types of bonds 
between the particles. Bonding is the dominant effect 
in rocks, while in soils the influence of fabric is more 
important. It is obvious that according to this classifica-
tion, structure is present in both natural and reconsti-
tuted geological materials, because no matter how much 
a material is remolded or destructured it still has some 
type of fabric. But from the mechanical point of view 
the influence of structure in reconstituted materials 
represents the reference state, beyond which the strength 
and the stiffness of natural materials cannot fall. 

Figure 3. Structure-permitted space by Leroueil and Vaugan [13].

The influence of structure can be best observed when 
the behavior of a structured material is compared to 
the behavior of a reconstituted material. Structure is 
responsible for the increase of stiffness and strength in 
comparison to the reconstituted material, but the influ-
ence of structure is most clearly manifested in the larger 
state boundary surface (SBS) of the structured material. 
Leroueil and Vaugan [13] introduced the concept of 
structure-permitted space, which is shown in the v-p 
space in Figure 3, where v represents the specific volume 
and p represents the mean effective stress.

Figure 4 shows the state boundary surfaces for undis-
turbed, partly destructured and reconstituted Pappadai 
clay in a p/q diagram, normalized with the mean effec-
tive stress pe

* taken at the isotropic reconstituted normal 
compression line using the same specific value as for 
intact clay (Cotecchia and Chandler [19]). 

The influence of structure is clearly seen in the size of 
the state boundary surfaces, resulting in the higher 
strength of the undisturbed Pappadai clay in comparison 
to the partly destructured or reconstituted Pappadai clay.
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Besides strength, structure also influences the stiffness 
across the entire range of deformations, with the most 
pronounced influence being in the range of small and 
very small deformations. Rampello and Silvestri [20] 
studied small strain stiffness in stiff Vallerica clay in the 
undisturbed and reconstituted states. They investigated 
the dependence of the elastic stiffness (denoted G0) on 
the mean effective stress and the specific volume
(Figure 5).  For a given value of the mean effective stress 

or the specific volume, natural (undisturbed) clay has a 
higher value of elastic stiffness across the entire range of 
mean effective stress or specific volume.

According to Baudet [16] Vallerica clay has a stable 
structure; this can also be seen from Figure 5, where 
no tendency to converge can be observed for the shear 
moduli of the undisturbed and reconstituted clays. 
Similar results were obtained by Jovičić et al. [21], 

Figure 4. Influence of structure on the state boundary surface of undisturbed, partly
destructured and reconstituted Pappadai clay (Cotecchia and Chandler [19]).

Figure 5. Relationship between the elastic shear modulus G0 and
a) the  mean effective stress b) the specific volume (Rampello and Silvestri [20]).
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who compared shear-stiffness degradation with strain 
for both reconstituted and intact stiff North Sea clays 
(Figure 6). They demonstrated that the influence of 
structure can be seen from the very small strains up to 
the point of failure.

A very important element of structure is its stability. 
We can see from Figure 3 that there is a tendency for 
the normal compression line of structured material to 
converge toward the normal compression line of the 
reconstituted material, which implies destructuring 

toward the reconstituted material. Destructuring caused 
by plastic straining is responsible for decreasing the state 
boundary surface, the strength and the stiffness. 

Leroueil and Vaugan [13] have identified different yield-
ing modes in natural materials. According to Leroueil 
and Vaugan [13] yielding can occur during shearing, 
compression and swelling, as shown in Figure 7. Simi-
larly, destructuring can also be decoupled into shearing, 
compression and swelling.

Figure 6. Comparison of shear-stiffness degradation with strain for two natural
and reconstituted samples of stiff North Sea clay (Jovičić et al. [21]).

Figure 7. Different modes of yielding and destructuring by Leroueil and Vaugan [13].
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Destructuring during isotropic compression and swell-
ing is governed purely by the volumetric component of 
the plastic strain. In the case of a normal compression 
stress path, the role of the deviator component in the 
destructuring is still not fully understood. However, 
it is reasonable to suspect that because the deviator 
component shows no tendency toward the state bound-
ary surface, the influence of the deviator’s plastic strain is 
negligible. During shearing, of course, the destructuring 
is governed by both the volumetric and deviator compo-
nents of the plastic strain. It is also important to note 
that during swelling the destructuring of the stress paths 
can occur inside the state boundary surface, which was 
also shown by Leroueil and Vaugan [13].

4 S_BRICK: A CONSTITUTIVE 
MODEL FOR HSSR 

The S_BRICK constitutive model for modeling HSSR 
(Vukadin [22], Vukadin et al. [23]) was developed from 
the BRICK model (Simpson [24], [25]) and includes both 
structure and destructuring. The basic BRICK model 
already includes many important soil behaviors, such as 
nonlinearity, stress-path dependency, and state, and is 
therefore a suitable platform for further development [23].

The influence of structure is accounted for by the intro-
duction of two new parameters: α and ω. The first param-
eter, α, is used to increase or decrease the size of the area 
beneath the S-shaped curve and has a direct influence 
on the value of the critical state angle and hence on the 
strength response of the model. The S-shaped curve for 
London clay published by Simpson [24] was taken as 
a reference shape. The second parameter, ω, represents 
the state parameter for structured materials and is best 
understood as an increase of the distance between the 
normal compression line and the critical state line in 
structured material in comparison with reconstituted 
material. The parameter ω represents the key parameter 
for modeling the stiffness increase, and the parameter α, 
for the strength increase due to structure [22].

The destructuring is implemented for both the structure 
parameters, α and ω. The rates of destructuring were 
made dependent on the sum of the volumetric and 
shear components of the plastic strains, and are of the 
exponential type. The destructuring implemented in 
S_BRICK is given by the following two expressions:

in which the symbols represent the following:

α , ω initial values of structure parameters

αk , ωk final values of structure parameters

αt
c,sh,sw, ωt

c,sh,sw current values of structure parameters in 
compression (c), shear (sh) and swelling 
(sw)

εν
pl , εs

pl volumetric and shear component of 
plastic strain (i=2-6)

δεν
pl , δεs

pl increment of volumetric and shear 
component of plastic strain (i=2-6)

x1
c,sh,sw, y1

c,sh,sw parameters that quantify influence of 
volumetric and deviatoric plastic strain 
of destructuring parameter α

x2
c,sh,sw, y2

c,sh,sw parameters that quantify influence of 
volumetric and deviatoric plastic strain 
of destructuring parameter ω

all symbols are without 
units

The destructuring in S_BRICK is implemented sepa-
rately, by introducing different parameters xi

c,sh,sw and 
yi c,sh,sw for shearing (sh), compression (c) and swelling 
(sw). The decoupling of the plastic strain’s influence on 
the volumetric and shear components and the introduc-
tion of the parameters x and y, which quantify the rate 
of destructuring, gives the model an additional flexibility 
[24]. The full implementation of structure and destruc-
turing requires the determination of an additional 16 
parameters in total. Four of them (α, αk, ω and ωk) repre-
sent the structure and twelve (xi, yi)c,sh,sw represent the 
destructuring of the structure in compression, swelling 
and shearing. It is reasonable to expect that not all types 
of destructuring are present for a dominant stress path, 
so it is very likely that the necessary total number of 
additional parameters can be as low as four. Accordingly, 
the destructuring is implemented in such a way that 
some model parameters that are not necessary or are not 
available can be omitted without hindering the behavior 
of the model. A more detailed formulation of the model 
is given by Vukadin [22], [23].

α α α α ε δε εt
c sh sw

k k
c sh sw

v
pl

v
pl c sh sw

s
plx y, , , , , ,exp= + −( ) − +( )+1 1 ++( )( )⎡

⎣⎢
⎤
⎦⎥

= + −( ) − +

δε

ω ω ω ω ε δε

s
pl

t
c sh sw

k k
c sh sw

v
pl

v

i

x, , , ,exp 2
ppl c sh sw

s
pl

s
ply
i

( )+ +( )( )⎡
⎣⎢

⎤
⎦⎥2

, , ε δε

1)

2)
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5 S_BRICK PREDICTION OF THE 
STRESS-STRAIN BEHAVIOR OF 
STIFF NORTH-SEA CLAY 

Vukadin et. al [23] have presented predictions of the 
S_BRICK and BRICK models on a conceptual level 
where the advantages of S_BRICK when modeling the 
structure and the destructurization were demonstrated. 
Here, a comparison of the modeled stress-strain 
behavior of stiff North Sea clay with the S_BRICK and 
BRICK models is presented. The stress-strain behavior 
of North Sea clay was investigated in the laboratory by 
Jovičić et al. [21]. Stress-path drained triaxial tests were 
carried out by investigating the strength and stiffness 
of reconstituted and natural samples at in-situ stresses 
and also when swelled back to effective stresses as low as 
10 kPa [21]. In addition, undrained shear strength tests 
were also carried out.

All together, twelve different intact samples were inves-
tigated, taken from different depths, ranging between 
15 and 70 m, and with undrained shear strengths (cu) 
ranging  from 150 to 800 kPa. According to Table 1, 
North Sea clay can be classified as a very stiff soil to a 
very weak rock, depending on the section of clay being 
investigated [21]. The samples were taken from four 
different sections, based on an undrained profile with 
different stress histories and amounts of structure. 

The input parameters for modeling the North Sea clay 
with BRICK were taken from Jovičić et al. [21], who 
in addition to other parameters took into account the 
material stress history as an input parameter. For each 
individual section of the clay a different history was 
modeled in such a way that the amount of over-consoli-
dation was varied, iterated and then fixed for each 
clay section, so that the calculated and the measured 
undrained shear strengths coincide. It was concluded 
that for three clay sections, the iterated over-consolida-
tion ratios were unrealistically high, which the authors 
[21] explained by the presence of structure in the clay, 
which was not accounted for with the BRICK model. 

For the S_BRICK model most of the input parameters 
were the same as for the BRICK model, the only difference 
was that the stress history was realistically modeled and 
parameters that represent the structure and destructuriza-
tion were included. The same as with S_BRICK, a match 
between the calculated and measured undrained shear 
strengths was sought and the structure parameters were 
obtained by iteration. All in all, five additional parameters 
were included in the model for each individual clay 
section. The input parameters representing the structure 
for the modeled clay sections are presented in Table 2.

Table 2. Input parameters for the structure and destructurisa-
tion for the modeled clay section with S_BRICK-

Parameter α αk ω ωk x2 y2

Clay 0.85 0.85 1.2 0.6 800 900

The parameter α was determined from the critical 
state angle for the reconstituted clay obtained from 
triaxial shearing tests. The parameter ω was obtained by 
matching the small strain stiffness, and the parameter 
ωk, by matching the strength and stiffness at the critical 
state after the destructurization was finished. Due to 
the fact that no oedometric tests were available, only a 
destructurization during shearing was modeled, and the 
parameters x2 and y2 were obtained with a trial-and-
error process so that a best fit across the entire range of 
deformation could be achieved.

All the numerical tests were carried out in the following 
steps:

- First, a stress history was numerically reproduced, 
prior to sampling as one-dimensional compression 
and swelling.

- Second, the amount of over-consolidation for the 
BRICK model was determined so that the undrained 
shear strength of the modeled clay coincided with 
the laboratory results. For the S_BRICK model a 
realistic stress history was modeled with the inclu-
sion of the structure parameters α and ω, so that the 
undrained shear strength was matched.

- Third, for both models the sampling and isotropic 
swelling or compression was modeled until the initial 
effective stress prior to shearing was reached.

- Finally, a numerical stress path was applied, which 
was similar to the stress path applied in the triaxial 
apparatus.

Two individual tests, TT6 and TT7, shown in Figures 8 
and 9, were chosen as an example for a direct compari-
son between the observed and predicted stress-strain 
behaviors. Each figure shows separately the variation of 
the deviator stress q, the angle of the shearing resistance 
φʹ and the volume strain ev with the axial strain ea. In 
addition, a degradation of the secant shear modulus 
Gs is shown against the logarithmic shear strain es, 
measured with local instrumentation. The sample TT6 
was unloaded to an isotropic effective stress of 25 kPa 
with the OCR for BRICK equal to 406 and the OCR for 
S_BRICK equal to 120, while sample TT7 was unloaded 
to an isotropic effective stress of 50 kPa, with the OCR 
for BRICK equal to 203 and  the OCR for S_BRICK 
equal to 60.
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The numerically predicted behaviors by both models for 
the samples TT6 and TT7 are shown in Figures 7 and 8. 
It can be seen that the S_BRICK model more accurately 
reproduced the strength, stiffness and volumetric 
behavior for both samples. For sample TT6 the BRICK 
model overestimates the deviator stress and the mobi-
lized frictional response and greatly underestimates the 
stiffness response and dilation in comparison with the 
S_BRICK model, whose prediction of the strength and 
stiffness behavior was very good. The S_BRICK model 
was especially good at predicting the shear-stiffness 
degradation from very small strain (0.001%) up to the 
point of failure. The S_BRICK model somewhat over 
predicted the amount of dilation, but its prediction was 
still reasonably good.

Similar results as for sample TT6 were obtained for 
sample TT7 (Figure 9, see next page), where the 
strength, stiffness and volumetric response were also 
significantly better predicted with the S_BRICK model.  
For sample TT7 it was not possible to compare the 
stiffness response of the model from very small strains, 

Figure 8. Comparisons of the strength, volumetric and stiffness predictions of the BRICK and S_BRICK models for sample TT6.

like for sample TT6, due to measurement difficulties, 
but based on the available data the S_BRICK model still 
accurately predicted the stiffness degradation from small 
strains (0.01%) up to the point of failure.

CONCLUSIONS 

Hard soils and soft rocks (HSSR) represent an important 
part of all geological materials and are often encoun-
tered in geotechnical projects around the world. The 
most convenient definition for HSSR is based on their 
strength, as proposed by several authors [1], [2], [3], [4], 
to name just a small selection. A classification that seems 
to be the most appropriate was proposed by Hawkins 
and Pinches [5]; this is because it acknowledges the 
continuum between soils and rocks. 

However, from a constitutive modeling stand point, it 
is more important to define the theoretical framework 
through which HSSR can be modeled. It was shown that 
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the stress-strain behavior of most HSSR can be success-
fully described using the framework of critical state soil 
mechanics, as long as the materials are not influenced by 
discontinuities, and the effects of an excess pore pressure 
are important [12].

It has also been shown that the higher strength and 
stiffness encountered in HSSR in comparison to soft 
soils can be attributed to structure, which represents a 
key additional parameter in modeling. A very important 
element of structure is its stability under different stress 
paths, which also has to be taken into account. 

A model for HSSR that includes structure and destruc-
turization named S_BRICK was developed [22], [23] 
based on the BRICK model [24], [25]. This S_BRICK 
model was briefly explained here. The comparison of 
both models’ predictions, the S_BRICK and the BRICK, 
was carried out on stiff North Sea clay. The predictions 
of the S_BRICK model were significantly better that the 
predictions of the BRICK model. 

This comparison of the results highlighted the 
importance of structure and destructurization as key 
parameters in constitutive models as well as validating 
the proposition that HSSR can be successfully modeled 
using the framework of critical state soil mechanics. 

Figure 9. Comparison of the strength, volumetric and stiffness predictions of the BRICK and S_BRICK models for sample TT7.

The S_BRICK model will have to be further validated on 
a wider range of materials from soft soils to soft rocks 
in order to fully confirm its capabilities before it can be 
incorporated into a numerical environment and used in 
real boundary-value geotechnical problems.

ACKNOWLEDGEMENTS

The development of the S_BRICK model was sponsored 
by the SRA (Slovenian Research Agency – ARRS) as a 
part of a sponsored PhD study and a research project 
“Development and implementation of a constitutive 
model for Soft Rocks and Hard Soils-L2-7036”. The 
author is grateful to dr. Vojkan Jovičić for guidance, 
discussions and help during the course of the PhD 
project and also to dr. Brian Simpson for all the help, 
ideas and discussions regarding the BRICK model and 
its further development.

V. VUKADIN: MODELING OF THE STRESS-STRAIN BEHAVIOR IN HARD SOILS AND SOFT ROCKS



ACTA GEOTECHNICA SLOVENICA, 2007/2 15.

REFERENCES

[1]  International Society for Rock Mechanics ISRM. 
(1982). Suggested Methods: Rock Characteriza-
tion, Testing and Monitoring. Edited by  Browm, 
E.T. Oxford.

[2] Bieniawski, Z.T. (1973). Engineering classification 
of jointed rock mases. Transactions of the South 
African Institution of Civil Engineers, 15, 335-344.

[3] British Standard Institution BSI (1981). Code of 
practice for site investigation, BS 5930. HMSO, 
London.

[4] IAEG. (1979). Report fo the commission on 
engineering geological maping. Buletin IAEG 19, 
364-371.

[5] Hawkins, A.B., and Pinches, G.M. (1992). Engi-
neering description of mudrocks. Quarterly Jour-
nal of Engineering Geology 25, 17-30

[6] Hyett, A.I., and Hudson, J.A. (1990). A photoelastic 
investigation of the stress state close to rock joints. 
Proc. Conf. on rock Joints (ed. Barton N. and 
Stephansson F.), Balkema, 227-233.

[7] Picarelli, L., and Olivares, L. (1998). Ingredients 
for modeling the mechanical behaviour of intensly 
fissured clay shales. Proc. 2nd Int. Symp. On the 
Geotechnics of Hard Soils and Soft Rocks, Napoli, 
Balkema.

[8] Burland, J.B., Rampello, S., Georgiannou, V.N., 
and Calabresi, G. (1996). A laboratory study of the 
strength of four stiff clays. Geotechnique 46,
3, 491-514.

[9] Bertuccioli, P., and Lanzo, G. (1993). Mechanical 
properties of two Italian structurally complex clay 
soils. Geotechnical Engineering of Hard Soils-Soft 
Rocks, Athens, Greece, (Ed. Anagnostopoulos, 
A.G. et. al.), Balkema, 383-389.

[10] Lefebre, G. (1970). Contribution a l etude de le 
stabilite des pentes dans les argiles cimentees. PhD 
thesis, Universite Laval, Quebec.

[11] Elliot, G.M., and Brown, E.T. (1985). Yield of soft 
high porosity rock. Geotechnique 35, 4, 413-423.

[12] Kavvadas, M. (2000). General report: Modelling 
the soil behaviour – Selection of soil parametres. 
The Geotechnics of Hard Soils-Soft Rocks. (Ed. 
Evangelista & Picarelli), Balkema, 1441-1481.

[13] Leroueil, S., and Vaugan, P.R. (1990). The general 
and congruent effects of structure in natural soils 
and weak rocks. Géotechnique 40, 3, 467–488.

[14] Kavvadas, M., and Amorosi, A. (2000). A constitu-
tive model for structured soils. Géotechnique 50, 3, 
263-273.

[15]   Rouainia, M., and Wood, M.D. (2000). A kinematic 
hardening model for natural clays with loss of 
structure. Géotechnique 50, 2, 153-164.

[16]   Baudet, B.A. (2001). Modelling effects of structure 
in soft natural clays. PhD thesis. London: City 
University.

[17]   Cotecchia, F. (1996). The effects of structure on 
the properties of an Italian Pleistocene clay.  PhD 
Thesis, City University, London.

[18]   Lambe, T.W., and  Whitman, R.V. (1969). Soil 
Mechanics. New York: John Wiley & Sons Inc.

[19]    Cotecchia, F., and Chandler, R.J. (2000). A general 
framework for the mechanical behaviour of a clays. 
Géotechnique 50, 4, 431-447.

[20]   Rampello, S., and Silvestri, F. (1993). The stess-
strain behaviour of natural and reconstituted 
samples of two overconsolidated clays. Geotechni-
cal Engineering of Hard Soils-Soft Rocks, Athens, 
Greece, (Ed. Anagnostopoulos, A.G. et. al.), 
Balkema, 769-778.

[21]  Jovičić, V., Coop, M., and Simpson, B. (2006). 
Interpretation and modelling of deformation char-
acteristics of a stiff North Sea clay. Can. geotech. 
journal 43, 4, 341-354.

[22]  Vukadin, V. (2004). Development of a constitutive 
material model for soft rocks and hard soils. PhD 
thesis. Ljubljana: University of Ljubljana.

[23]  Vukadin, V., Likar, J., and Jovičić, V. (2005). 
Development of a conceptual material model for 
structured materials S_BRICK. Acta Geotechnica 
Slovenica 2, 1, 33-43.  

[24] Simpson, B. (1992). Thirty-second Rankine 
Lecture: Retaining Structures: displacement and 
design. Geotechnique 42, 4, 541-576.

[25] Simpson, B. (2001). BRICK 17, GEO suite for 
windows. Published on: http://www.oasys-software.
com/product/downloads/geo/brick_Nov01.pdf

V. VUKADIN: MODELING OF THE STRESS-STRAIN BEHAVIOR IN HARD SOILS AND SOFT ROCKS




