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Effect of age-strengthening on initial stiffnesses and settlements of soils 

L’effet du durcissement par I’age sur la rigidite initiale et le tassement des sols

A. K. Murashev -  Beca Carter Hollings & FernerLtd , New Zealand

ABSTRACT: Recent experimental and theoretical studies have revealed that the initial stiffnesses of most of the natural sands, residual 
weathered rocks, and sedimentary clays are in fact higher than those commonly used to predict settlements in routine design. It is believed 
lhat the higher stiffnesses develop due to the age - strengthening effect. The laboratory test data obtained demonstrates that the initial 

stiffnesses of the natural soils depend on the nature and the condition of the bonds between their particles. The factors affecting the initial 
stress - strain behaviour of natural sands and clays are discussed. Simplified non-linear models incorporating the high initial stiffnesses are 
suggested and used in numerical modelling of the soil behaviour under shallow circular foundations. The results of computer modelling 

are compared with field data. It is shown that numerical modelling of the stress-strain behaviour of soils on the basis of these models 
produces new qualitative findings.

RESUME: De recentes etudes experimentales et theoriques ont revele que la rigidite initiale de la plupart des sables naturels, des roches 

alterees residuelles et des argiles sedimentaires est en fait superieure a celle communement utilisee pour predire le tassement dans les 

projets de routine. On estime que cette rigidite superieure est due & I'effet du durcissement par l'age. Les donnees obtenues lors des essais 

de laboratoire demontrent que la rigidite initiale des sols naturels depend de la nature et de l'etat des liaisons existant entre les particules. 

Les facteurs qui influent sur le comportement initial contraintes-deformations des sables et des argiles naturels sont analyses. Des modeles 

non lineaires simplifies incorporant les rigidites initiales superieures sont suggeres et utilises pour la modelisation numerique du 

comportement des sols situes sous des fondations circulaires superficielles. Les resultats des modeles informatiques sont compares avec 

les donnees obtenues sur le terrain. II est demontre que la modelisation numerique du comportement contraintes-deformations des sols qui 

se fonde sur ces modeles permet d'obtenir de nouveaux resultats qualitatifs.

1 INTRODUCTION

Aging of soil is an important process producing changes in the 
mechanical properties of soils. In this paper aging is understood as 
an effect caused by secondary compression and geotechnical 
processes due to weathering, cold welding of mineral contact 
points between particles, precipitation of cementing agents, 
desiccation stress and mechanical aging resulting from increased 
basic soil friction including the dilatancy effect.

The term “aging preconsolidation” (or age-strengthening) 

relates to normally consolidated soils which demonstrate 
preconsolidation (ie, an increase in stiffness and strength) due to 
aging. This paper presents examples of aging preconsolidation for 
remoulded clays, natural sedimentary clays and marine sands. A 
similar effect has been observed for residual weathered igneous 
rocks.

The author proposes taking into account the age-strengthening 
effect by using simple non-linear soil models which incorporate 
specific parameters to describe this effect. In these models the 
preconsolidation effect is described by the initial flow surface in 
the stress space. The parameters of the models describing 
age-strengthening have a strong physical basis and therefore can be 
measured in laboratory tests. The proposed models were used in 
numerical analysis and calibrated against the results of field and 
laboratory tests.

The material used in this article comes in part from the author’s 
own experiences (including his involvement in large-scale 
investigations of age-strengthening in Russia) as well as from 
literature.

2 AGING PRECONSOLIDATION AND CONSTITUTION OF 
SOILS

The aging preconsolidation effect is a manifestation of the strength 

of bonds between mineral particles of soils.

The simplified classification by Sergeyev (1983) suggests that 
at least five different types of contacts between mineral particles 
are present in natural soils (refer Figure 1). They are strong 
chemical inter-particle and cementation bonds (including 
electrovalent and covalent), coagulational, transitional and 
interlocking contacts.

Some clays have mostly weak coagulational bonds and only small 
number of transitional bonds. Therefore the samples of these clays 
start swelling immediately after they have been extracted from a 
borehole. To prevent swelling and deterioration of the samples and 
to restore the bonds, Bjerrum (1973) suggested consolidating the 
samples under in situ stresses for several days (so-called 
“reconsolidation"). Bjerrum showed that only reconsolidated 
samples of such clays demonstrated the preconsolidation effect.

It can be assumed that the efficiency of reconsolidation is 
influenced by the behaviour of the transitional bonds. The nature 
of these bonds is similar to that of the strong chemical bonds, but 
the area of the contacts is much smaller and an increase in the 

moisture content or a reduction in confining pressures cause 
hydration of the contacts and their transition to the weak

a) b) c) d) e)

■■  1 cm  2 ■■ 3

Figure 1: Main types of contacts between mineral particles in soils 
(after Sergeyev, 1983): strong chemical inter-particle (a) and 

cementation (b) bonds; coagulational (c), transitional (d) and 
interlocking (e) contacts; 1 - particles, 2  - adsorbed water,

3 - cementing agent
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coagulationa] type bonds. It may be that during reconsolidation the 
transitional contacts are re-established.

In aged old clays, swelling is partly or totally prevented by the 
strong inter-particle and the cementation bonds. Samples of these 
clays are more resistant to disturbance during sampling and storage 
compared with those of non-cemented clays. Very often 
reconsolidation of these samples is not required to establish 
preconsolidation pressures.

In most cases, aging preconsolidation of sands is governed by 
the interlocking bonds and dilatancy effects (Schmertmann, 1991). 
However, the original arrangement of particles in sands is 
normally changed during sampling, and therefore the 
preconsolidation effect is very rarely observed in laboratory testing 

of sand samples.
Residual weathered rocks may have all five types of bonds, 

depending on the rock history and the extent of weathering. Strong 
inter-particle bonds very often preserve the structure of these rocks 
during storage.

3 LABORATORY TEST PROCEDURES

3.1 Strain Measurement

The author used a triaxial testing machine which allow the strains 

to be measured in the central part of the samples by electronic 

transducers. This equipment was described in detail earlier 

(Shirokov & Murashev, 1987, Murashev 1996).

It was also shown (Murashev, 1995) that if the strains are 
measured in the central undisturbed part of the soil sample, then 
the initial stiffnesses and the preconsolidation pressures are 
measured more accurately. This is explained by the fact that the 
errors due to the higher compressibility of the thin, disturbed by 
trimming, soil layers adjoining the loading cap and the bottom 
platen (in the triaxial apparatus) are avoided and that the stress 
state of the central part of the sample is comparatively uniform.

3.2 Duration o f Storage

The influence of the duration of storage on the preconsolidation 
effect was studied on remoulded clay specimens which were 
saturated with water and aged in oedometers under the vertical 
load of 300 kPa for two years. The size of the specimens was such 
that no trimming was required to mount them in the triaxial testing 
machine. Therefore the mechanical disturbance of samples was 
minimised and the influence of storage was investigated.

Samples 1, 2, 3, 4 and 5 were extracted from the oedometers 
and stored at their original moisture content for 1 hour (sample 1),

1 week (samples 2 and 4), 2 weeks (sample 5), and 3 weeks 
(sample 3) prior to the drained triaxial testing. Samples 1, 2 and 3 
were consolidated at pressures 0 1=0 3= 180 kPa (these pressures 
correspond to the lateral pressures the samples experienced in 
oedometers) for 4 hours. Samples 4 and 5 were reconsolidated in 
accordance with the Bjerrum’s method at O|=300 kPa, o3=130 kPa 
for one week. The initial stiffnesses and the strength of the 
samples depended on the duration of storage and for the 
reconsolidated samples were higher than for the samples not 
subjected to reconsolidation. The test data given on Figure 2 
indicates that the initial stiffnesses are strongly affected by the 
duration of storage, but Bjerrum’s reconsolidation possibly 
restores some of the particle bonds destroyed during storage and 
results in high initial stiffnesses and strength for reconsolidated 
samples.

3.3 Duration o f Reconsolidation

The effect of duration of reconsolidation on the test data was 
studied on the clay samples prepared by a method similar to that 

described in 3.2. The samples were aged under the vertical load of 
116 kPa for 3 years.

All samples were extracted from the oedometers and stored at 
their original moisture contents for 1 hour prior to testing and then 
reconsolidated at the pressures of O i=l16 kPa and 0 3= 70  kPa for 
duration of 1 hour to 5 days.

e , -  e 3 %

Figure 2: Results observed in drained triaxial tests with (4,5) and 

without (1, 2, 3) reconsolidation on samples stored for I hour (I), 

1 week (2, 4), 2 weeks (5) and 3 weeks (3) prior to testing.

The test data shown on Figure 3 indicates that a significant 
increase in soil strength and stiffness occurred after one day of 
reconsolidation. It can be assumed that reconsolidation for one day 
is sufficient to re-establish most of the particle bonds in the clay.

Figure 3: Results observed in drained triaxial tests on samples 

reconsolidated for 1 hour (1), 5 hours (2), 1 day (3), 2 days (4), 3 

days(5)

Therefore, in the investigations described below, all soil samples 

were stored for not more than two days and reconsolidated for at 

least one day prior to testing.

4 PRECONSOLIDATION EFFECT IN CLAY SOILS

4.1 Preconsolidation Effect in Residual Weathered Igneous Rocks

Residual soils form from the weathering of the parent rock. The 
process of weathering causes deterioration in strength and stiffness 
with time. However, many investigators report that residual soils 
very often demonstrate a preconsolidation effect.
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At least two types of bonds are present in residual weathered 
rocks. They are the strong inter-particle bonds inherited from 
parent rock and the coagulational bonds produced by weathering. 
All five types of bonds shown on Figure 1 may also be present. It 
has been shown by Shvets (1994) that when an external load is 
applied, initially the whole load is taken by the strong inter-particle 
bonds. As the load increases, the inter-particle bonds are destroyed 
and the external load is resisted by other bonds. This means that, 
as opposed to sedimentary clays and sands where preconsolidation 
is a result of secondary compression, cementation and interlocking, 
the preconsolidation in residual weathered rocks is a manifestation 
of the strong residual inter-particle bonds.

The above assumption was checked by testing samples of a 
sandy silt with a void ratio of 1 .3 7  and the plasticity index of 11 %  

which was the product of weathering of granite. The samples were 
taken from the depth of 3 m, reconsolidated at the same pressures 
as they were subjected to in the field for 24 hours, and tested along 
different loading trajectories.

The typical stress-strain curve is shown on Figure 4 where x is 

the intensity of shear stresses (x = X0Ci V3 /-J2 = (ai- O i) / j3 )  and 
y is the intensity of shear strains ( 7  = 7 0Cl̂ /3/^f2=2(Z\-t})/^l3). 

The stress-strain relationships obtained indicated four stages in the 
behaviour of the residual soil. The zone of the elastic behaviour 
(Zone I) where the plastic deformations were negligible is 
restricted by the stress x0. It can be assumed that this stress 
corresponds to the fracturing and breakdown of the strong 
chemical inter-particle bonds, and an additional deformation of
0 .2 %  to 0 .3 %  was required to mobilise the transitional, 
coagulational and possibly some of the interlocking bonds. The 
stress level of xc corresponded to the breakdown of most of these 
bonds. This stress level forms the boundary of Zone II.

Figure 4: Typical stress-strain curve for residual weathered granite 

(solid line) and a possible approximation of the test data (dashed 

line)

In Zone HI, rearrangement and slippage of the particles occurred 

causing large plastic deformations. In Zone TV, the stress level 

became so high that the shear localised along one failure plane 

which split the sample into two parts at the stress level of xs. These 

zones are shown in the t -ct  stress space (a=(ai+2aj)/3) on Figure 
5.

At the stress level of Xr the failure occurred.

In Zones I and II the samples had high stiffnesses and an 
approximately constant Poisson’s ratio v (v = E3 /E 1 , where Ej - 

lateral deformation, E| - axial deformation) varying between 0 . 12  

and 0.14. Poisson’s ratio sharply increased to 0.42-0.45 at the 

stress level of xc. It was therefore assumed that Zones I and II are 
enclosed in the initial flow surface comprising two straight lines x 
= Kc xrand Oi = Pc where Kc and Pc are parameters of the initial 
flow surface. The failure was described by the extended von Mises 
criterion (Figure 5b).

Figure 5: Triaxial test data for residual weathered granite: (a) - 

boundaries of zones of different behaviour for the residual soil on 

loading trajectories 1, 2, 3, 4, 7, 8 , 9, 10 in the stress space; (b) - 

initial flow surface ( 1) and failure surface (2 )

4.2 Preconsolidation Effect in Sedimentary Clays

4.2.1 Influence o f Age

Two series of clay samples were tested. The first group consisted 
of remoulded samples prepared by the method described in 3.3 
above. The second group comprised undisturbed samples of 
alluvial clay extracted from boreholes.

Both groups of samples were reconsolidated and tested along 
different loading trajectories. For both clays a typical triaxial 
compression curve followed three stages (Figure 6 c): a linear stage 
AB in which deformation is a result of the elastic deformation of 
particles without fracturing and breakdown of particle contact 
points; a stage BC in which deformation becomes plastic as a 
result of fracturing and breakdown of particle contact points, 
accompanied by sliding and locking of the degraded particles onto 
a denser array; a stage CD of ultimate resistance and failure which 
can be described by the extended von Mises criterion. The stages 
of the behaviour of the remoulded and sedimentary clays were 

similar to those for the residual soil.
It was also discovered that Poisson’s ratio v increases as soon 

as stage BC starts (Figure 6c). For the first group of samples 

Poisson’s ratio changed from 0.2 to 0.42 and for the second group 
from 0.36 to 0.44 on the conventional compression trajectories.
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Figure 6: Triaxial test data for remoulded and aged in laboratory 

clay (a) and natural alluvial clay (b, c): failure surfaces (1), initial 

flow surfaces (2)

All points representing elastic soil behaviour (stage AB) in the 

stress space were found to be enclosed in the initial flow surface 2 

(Figure 6a, b), which, in fact, consists of preconsolidation 

pressures measured on various loading trajectories. The initial flow 

surface was obtained in the form of a closed envelope containing 

point A. This point represents the stress state at which the clay was 

aged (the stress state in oedometer - for the first group of samples 

and the in situ stress state - for the second). It is probable that for 

comparatively young clays this surface does not contain the point 0 

of no stress in all directions (similar to the surface shown Figure 

6a). Therefore the samples of clays slightly preconsolidated due to 

aging experience both deterioration of the bonds between particles 

and plastic deformation as soon as they have been taken from an 

exploratory drill hole. These clays do not demonstrate 

preconsolidation effect in laboratory testing unless they are tested 

immediately after sampling and reconsolidated for 1 to 3 days at 

the same pressures as they were subjected to in the field. This 

conclusion is also confirmed by the test data shown on Figures 2 

and 3.

For old clays, heavily preconsolidated by aging, point 0 is 
located inside the initial flow surface (similar to that shown on 
Figure 6b). Therefore these clays are less prone to deterioration 
during storage. This is probably due to the transitional and strong 
interparticle bonds in these clays.

4.2.2 Influence o f Moisture Content

The influence of the moisture content on the strength and aging 
preconsolidation effect was studied on samples of loess with 

different moisture contents extracted from depths of 10 to 12 m. 
All samples initially had approximately the same moisture content 
which was changed by keeping them in special containers wiih 
controlled humidity prior to testing. Three groups of samples wiih 
moisture contents of 8.2%, 21% and 27.7% were tested. The shape 
of the stress - strain curves for the samples was similar to thai 
shown on Figure 6c. However, the location of the failure envelopes 
and the initial flow surfaces depended on the moisture contents of 
the samples (Figure 7). The samples with the higher moisture 
contents demonstrated low strength and low preconsolidation 

pressures. This is explained by the fact that the bonds between 
particles in loess are strongly affected by the moisture content.

5 AGING - PRECONSOLIDATION EFFECT IN SANDS

5.1 Recent Research Developments

A number of investigators have noticed that the aging 
preconsolidation effect occurs in sands. This effect in sands is 
normally explained by the increase in friction resistance and 
dilatancy effects. For example, Schmertmann (1991) explains the 
improvement in the strength and the stiffness of sands by some 
slippage of particles (caused by the in situ effective stresses) that 
produces a significant increase in particle-to-particle interlocking. 
It was also noticed that for some sands aging preconsolidation 
develops much more rapidly than geologic aging would imply.

On the other hand, most of the practical methods to predict the 
settlement of foundations on sands are based on different 
correlations between in situ sand stiffnesses and the field test data 
rather than on consistent constitutive modelling of the sand 
behaviour taking into account aging preconsolidation. This can be 
explained by the fact that there are some problems associated with 
the implementation of a more consistent analytical approach. As a 
result of sample disturbance and inadequate laboratory testing 
equipment the sand stiffnesses obtained by laboratory testing are 
low, and therefore the foundation settlements calculated using 
these stiffnesses are normally larger than the factual ones. 
Therefore, higher quality sampling and more accurate laboratory 
testing are required to obtain reliable parameters for constitutive 
modelling.

Only recently new testing equipment has allowed researchers to 
analyse stress - strain behaviour of sands with higher accuracy.

a.MPa

Figure 7: Failure envelopes (solid lines) and initial flow surfaces 
(dashed lines) for loess with moisture contents of 8.2% (1), 21% 
(2) and 27.7% (3)
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The initial stiffnesses of sands tested in triaxial testing machines Table 1: Moduli of Sand 
appear to be unusually high (compared with sand stiffnesses

commonly used in practice) if vertical and horizontal deformations Strain Modulus, MPa

are measured in the central part of the sample by electronic Measurement Method Undisturbed Remoulded
transducers (Shirokov, 1987) or proximity transducers Samples Samples

(Jamiolkovski, 1994). These stiffnesses increase as a result of Centre of Sample 675* 200
aging (Schmertmann, 1991).  (60)**____________ (31)

Conventional method 155 80
5.2 Test Data  £40}_____________(20)

Two series of samples of clean uncemented marine sand 

(“undisturbed” and remoulded samples) were tested. The 

“undisturbed” samples were taken by a thin-walled split sampler 

and frozen to preserve the natural arrangement of particles. The 

samples were then placed into the testing cell where they were 

thawed, reconsolidated and tested under drained conditions with 

the confining pressure in the cell equal to 0.1 MPa. The remoulded 

samples were prepared from the same sand by remoulding and 

compacting it to the natural in situ density and tested in a manner 

similar to that for the “undisturbed” samples. The vertical 

deformation was measured in the central part of the samples by 

electronic strain transducers and by the conventional method (by a 

dial gauge installed on the loading piston) for comparison.

The initial parts of stress-strain curves for both series of 

samples are compared on Figure 8.

O,, MPa

Figure 8: Initial parts of stress-strain curves for “undisturbed” 

samples (1) and remoulded samples (2) of sand when vertical 

deformations were measured in the central part of samples (solid 

lines) and by conventional method (dashed lines)

The average secant moduli (at the vertical stress level of 200 kPa) 

and the initial moduli for the “undisturbed” and remoulded 

samples are given in Table 1.

The test data indicated that the moduli of both series of samples 
were higher when deformations were measured in the central part 
of the samples. This is explained by the fact that the stress state in 
the central part of the sample is comparatively uniform and that 
errors due to higher compressibility of the thin disturbed sand 
layers adjoining the loading cap and the bottom platen were 
avoided. The moduli of the “undisturbed” samples were higher 
than those for the remoulded samples, although both series of 
samples had the same initial density.

* Initial modulus 
** Secant modulus

Furthermore, the test data indicated that the threshold of elastic 

behaviour (taken as a maximum deviator stress Tc at which plastic 

deformations were negligible) for “undisturbed” samples was 

significantly higher than that for the remoulded samples (Figure 9). 

The test data shown on Figure 9 also indicated that for the 

“undisturbed” samples negative dilatancy was less and positive 

dilatancy was more than that for the remoulded samples.

T.M Pa

Figure 9: Typical stress-strain curves for “undisturbed” sand (1) 

and remoulded sand (2) samples.

The test data for the “undisturbed” samples was used to derive 

parameters for a non-linear sand model shown on Figure 10. This 

model is a simplified version of a more complex one formulated in 

the framework of the flow theory by Solomin and others (1982). 

According to the adopted model, plastic deformations are possible 

when the certain level of shear stress Tc=t|00 is achieved. The 

parameter T|0 describing the initial flow surface is given by 

T |0 = M + a 0, where M is the frictional constant commonly used in 

the critical state soil mechanics and a 0 is the initial dilatancy rate. 

The parameter M characterises internal friction in the material and 

depends on the mineralogical nature and shape of particles. 

Parameter a 0 is responsible for the individual interlocking of 

particles and is governed by the history of a deposit and aging 

preconsolidation. The parameter ti0 = 0.59 was obtained for the 

tested sand by plotting parameter T| =  t / a  against lateral 

deformation as suggested by Shirokov (refer Figure 11).

The total shear deformation, according to the adopted model 

comprises the elastic part y c = t/Ge, where Ge = 26 MPa is the 

elastic shear modulus based on the test data, and the plastic part is 

given by the hardening relationship y  p = 0.12 [1.35 (0.956-n) °-305] 

which fitted well the test data.
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Figure 10: Sand model: (a) - stress-strain relationships on loading 

trajectories AB (1) and AC (2); (b) - in situ stress state line, initial 

flow surface and failure surface

Figure 11: Method of determination of parameter r\ 0 using 

normalised shear stress-lateral strain chart (after Shirokov, 1983)

6 NUMERICAL MODELLING

There is always a certain amount of uncertainty as to whether the 
stiffnesses and the strength of natural soils measured in the 
laboratory represent their real in situ behaviour. One can also argue 
that the extent of disturbance during sampling and re
establishment of the soil bonds during reconsolidation is different 
in every particular case. However, there is a well-known way to 

check whether laboratory test data is representative of the in situ 
behaviour of a soil. This can be done by numerical modelling of 
stress-strain state of the soil media using soil models based on the 
laboratory test data and then comparing the results of the 
numerical modelling against field data. It was therefore considered 
important to undertake such a justification for the test data 
described above.

For some of the test data such justification has been undertaken 
successfully (Murashev, 1996). It was also shown that irrespective 
of the complexity of non-linear soil models, the accuracy of the 
settlement prediction is significantly improved if these models 
incorporate high initial stiffnesses developed as a result of age- 
strengthening (Shirokov & Murashev, 1988). However, it is not 
the intent of this paper to discuss such justification in detail.

The author believes that it is much more important that the 
results of numerical modelling based on such models are in good 
agreement with field data in a qualitative sense.

The above is demonstrated on Figures 12, 13, 14 by typical 
computer modelling data for natural clays and sands loaded by a 
circular foundation. Computer modelling was carried out by two 
dimensional finite difference program NOLS. The adopted clay 
model assumes that the stress-strain curve comprises three linear 
parts AB, BC and CD as shown on Figures 4 and 6c, and that the 
initial flow surface can be described by two straight lines as shown 
on Figures 5b, 6a and 6b. A detailed description of the computer 
program and the clay model was given by Murashev (1996). The 
adopted sand model is shown on Figure 10.

The results of the computer modelling depict the following 

qualitative effects normally observed in natural soils:

• The existence of a zone of influence (a zone where large 

plastic deformations occur) and the zones of ultimate equilibrium 
in sands and clays.

• The existence of an elastic wedge of sand adjoining the 
foundation. (The wedge comprises elastic sand elements with 
loading trajectories which have not reached the initial flow surface. 
The wedge is formed as a result a of decrease in shear moduli of 
sand in the ultimate equilibrium zones surrounding the wedge).

• The concentration of deformations in the zone of influence 
and their dying out beyond this zone with depth and in plan. This 
can not be explained by the theory of elasticity and conventional 
non-linear soil models.

• The fact that the settlements calculated on the basis of the 
soil stiffnesses obtained by conventional test methods are normally 
larger than the factual settlements.

Figure 12: Typical computer modelling results for natural clays 

and sands: growth of zones of influence (4, 5, 6) and zones of 

ultimate limit equilibrium (1, 2, 3) as load increases

3

Figure 13: Typical computer modelling results for natural sands: 

contours of equal shear modules (MPa), zone of influence (1), 

ultimate limit equilibrium zone (2) and elastic wedge adjoining 

base of foundation (3)
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Figure 14: Typical settlement distribution with depth under the 

centre of circular foundation: field data (1); computer modelling 

data for natural clays and sands (2), for disturbed clays and 

remoulded sands (3), for the elastic half space (4) and the elastic

layer (5)

Strain Relationship of Cohesionless Soil Based on the 
Nonassociated Flow Rule. Proc o f the 4th International 

Conference on Numerical Methods in Geomechanics/Edmonton, 
Canada: 245-253. Rotterdam:Balkema.

7 CONCLUSIONS

1. Age-strengthening is a fundamental property of all natural

soils.
2. In the constitutive modelling the age-strengthening effect 

can be described by the initial flow surface in the stress space. The 
shape and the location of the initial flow surface depend on the 
nature, geological and stress history of soils and the parameters of 
Iheir physical state.

3. Numerical analysis on the basis of the constitutive models 
taking into account the age-strengthening allows to explain some 
of the qualitative effects normally observed in natural clays and 
sands.

4. The age-strengthening effect should be used in practice and 
if taken into account can result in more accurate assessments of 
settlements and the liquefication potential of soils.
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