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This paper presents the two most significant types of
deformation behavior for dynamically loaded, saturated
soil. Flow liquefaction and cyclic mobility deserve special
attention because of the large deformations that accom-
pany these two phenomena. The submergence of a rail-
way-line embankment due to the newly built Sava-river
accumulation reservoir in Bostanj and the large landslide
that occurred in the StoZe area in the Julian Alps are case
histories in Slovenia where flow liquefaction and cyclic
mobility were analyzed. The dynamic loading caused by
railway traffic and possible seismic activity were taken
into account. Material from these two sites, silty sand and
lacustrine carbonate silt, were used in extensive laboratory
research, with the objective to define a procedure for excess
pore-water pressure-generation modeling in dynamically
loaded saturated soil.

It has been found recently that the change of the pore-water
pressure is related to the dissipated energy density calcu-
lated from the hysteresis loops caused by dynamic loading.
Based on the experimental results an empirical equation
defining the generation of pore pressure during dynamic
loading has been proposed. The equation is divided into
two parts: the first part describing the residual pore-water
pressure generation, and the second part describing the
increment and decrement of pore-water pressure within

the load cycle, the so-called temporary pore-water pressure
change. The proper effective stresses and thus the stress path
of the dynamically loaded soil can be defined by using the
proposed energy-based numerical model.

The proposed pore-pressure model can also be used in
deformation-behavior modeling. It was observed from the
experimental results that after a few cycles of dynamic
loading the saturated soil starts to exhibit a very low stiff-

ness at the beginning of a load cycle, after which it begins
to strengthen. The strain developed during this softening
phase represents the main share of the total strain. The
occurrence and duration of this phase are related to the
energy dissipated during the cyclic loading as well, and
the relation between the dissipated energy, the excess pore
pressure and the short-term flow during cyclic mobility,
give us an opportunity for a simple response modeling of
the dynamically loaded saturated soils.

flow liquefaction, cyclic mobility, excess pore pressure,
dissipated energy

1 INTRODUCTION

Due to the existing hydro-power potential, a chain of
five new hydro-power plants is planned for the lower
part of the Sava river. The construction of the first power
plant started at the Bostanj site in November 2002 and it
was completed in May 2006 [1].

The railway connection between Ljubljana and Zagreb
runs along the Sava river. The construction of the
accumulation reservoir caused the submergence of the
railway-line embankment and raised questions about
possible changes in the response of newly saturated

soils resulting from the dynamic load caused by the
railway. Therefore, the stability analyses considering a
new ground-water level were required by the owner of
the railway [2, 3]. Field and laboratory tests were carried
out before the upheaval of the water in order to get the
input parameters for the analyses. Two possible types of
saturated soil behavior were in question: liquefaction and
cyclic mobility. The following extensive research gives an
opportunity for a detailed study of the liquefaction poten-
tial of silty sand from the lower Sava river at Bostanj.

The other case of material susceptible to liquefaction
was found in the northern part of Slovenia - in the
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Julian Alps. Lacustrine material of glacial origin has
been recognized as very sensitive to various factors,
such as water content and loading conditions, including
seismic effects. A strong earthquake in April 1998, with
its epicenter in the Krn mountains and a magnitude of
M,,,=6.0, caused the collapse of an approximately
100-m-long section of the shore of the 20-km-distant
Lake Bohinj. Saturated lacustrine soils were thought

to be present. The same earthquake, in amplified form,
caused serious damage to several buildings in the
village of Mala vas, near Bovec, which were founded

on saturated lacustrine soil [4]. Quite soon after the
above-mentioned occurrences, in November 2000, a
very severe landslide occurred in the area called Stoze.
It resulted in debris flow in its lower part. Layers of
lacustrine carbonate silt of a relatively small thickness
were observed in the material displaced during the
landslide, and the question arose as to whether the pres-
ence of these layers was responsible for the landslide [5].
An investigation of the static and dynamic liquefaction
potential of the lacustrine carbonate silt was initiated as
aresult [6, 7].

Several findings from the research mentioned above
are presented in this paper. Saturated silty sand from
the Sava river at Bostanj and the lacustrine carbonate
silt from the Julian Alps are materials that forced the
author of this paper as well as the geotechnical society
in Slovenia to accept the danger of liquefaction as well
as the occurrence of cyclic mobility in Slovenia as real
possibilities. The findings from these two recent case
histories have helped to introduce a more cautious treat-
ment of dynamically loaded saturated soil response in
daily practice. They are used in this paper as examples.

2 LIQUEFACTION OF SOIL

When dynamically loaded saturated soils are being
considered, the term liquefaction is very important.
Liquefaction is defined as the transformation of soil
from the solid to the liquid state. It happens as a conse-
quence of increased pore pressure and a reduced effec-
tive stress, mostly in saturated cohesionless soils. When
such soil is subjected to rapid loading, e.g., earthquake
loading or another kind of dynamic loading, the pore
water is unable to drain in a very short time period. The
loading conditions might be understood, therefore, as
the undrained loading conditions. If it is not too dense,
a cohesionless soil subjected to cyclic loading, especially
cyclic loading in the shear mode, has a tendency to
densify. As the pores between the soil grains are filled
with water, which cannot drain sufficiently, the genera-
tion of excess pore pressure occurs. Figure 1 shows the
changes in the soil skeleton caused by cyclic loading,
which results in excess pore-water pressure being gener-
ated.

The term static liquefaction (flow failure) refers to the
rapid increment of pore-water pressure followed by

a sudden loss of strength after the peak value of the
deviator stress is reached, until a residual/steady-state
strength is reached. Flow liquefaction appears when the
residual strength of the soil is smaller than the static
shear stress required for the equilibrium of a soil mass.
The liquefied stress state, in that case, is represented by
the initial effective confining pressure, decreased by the

€XCeSS pore pressure.

Figure 1. Cyclic loading in the shear mode causes grain movements and the generation of excess pore pressure.
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2.1 SIMPLIFIED PROCEDURES FOR AN
EVALUATION OF SOIL’S LIQUE-
FACTION POTENTIAL

Based on the findings of many previous case histories,
with and without the occurrence of flow liquefaction,
some simplified procedures were developed for evaluat-
ing the liquefaction potential in a specific case [8, 9, 10].
The procedures are based on different field measure-
ments. The most widely used among them are SPT, CPT
and shear-wave velocity measurements. The liquefaction
potential for silty sand from the Sava river at Bostanj
and lacustrine carbonate silt from the Julian Alps was
evaluated in the manner of SPT and shear-wave velocity
measurements. An earthquake with a magnitude of
M=7.0 was proposed as the strongest possible type of
dynamic load, and it can be seen from the results (Figure

2) that the estimated danger of the occurrence of lique-
faction depends strongly on the procedure, and that the
results differ. Thus, more detailed research was needed.

2.2 THE STATE-CRITERIA APPROACH

As described above, the occurrence of flow liquefaction
depends upon the ability of a material to contract itself.
This contractive behavior is the reason for the pore-pres-
sure increase. Therefore, it is of interest to know where

is the boundary, called the critical void ratio (CVR) line,
between the contractive and dilative soil state. The states
of the tested soil - silty sand from the Sava river and lacus-
trine carbonate silt from Julian Alps - were defined in
terms of the void ratio. Tests at different effective confining
pressures resulted in the CVR lines shown in Figure 3.

(a) 08 T 1
FC=30% P ]
J FC=20 [
e 06 / FUk
L o v
a % liquefaction o FC 'm",-’
o e Aéé e 2 ; < sand
— / L
& ﬁ ‘ i
o 031 % .
g % ot i M=70
= .- a,= 0150309
0.2 - - 2
= ) L e depth=3m
= e i e
a 014, o, = no liquefaction S stose
CRESAES 07 Bostani
00 i ]
i] 10 20 30
Corrected blow count SPT. (N, )a
(b) o8
—— FC<5%
% 051 FC=20%
04 T FCo35%
2
B
@ 03
w
5
o 027
O M=7.0
6) 0.1 | liquefaction 2,=015-030¢ N stoze
depth=3m 7 —
no liquefaction Bostani
0,0 T T T T
0 100 200 300 400 500

Normalized shear wave velocity, v ; [m/s]

Figure 2. The danger of liquefaction occurring for silty sand from the Sava river and lacustrine carbonate silt
from the Julian Alps. The CRR are based on (a) SPT measurements, (b) shear-wave velocity measurements.
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Figure 3. CVR line as a boundary between the loose contractive states and the dense dilative states of the two tested materials.

The generation of an excess pore-water pressure causes
a decrease in the effective stresses. The effective-stress
conditions leading to the occurrence of flow liquefac-
tion can be most easily described in stress-path space.
The response of five saturated cohesionless specimens
isotropically consolidated to the same void ratio and
different effective confining pressures, in undrained
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stress-controlled triaxial compression is shown in Figure
4 [11]. Regarding the initial states of the specimens
according to the steady-state line, specimens 1 and 2
exhibit dilative behavior when the shearing starts, while
specimens 3, 4 and 5 exhibit contractive behaviors,
which is necessary for flow liquefaction.
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Figure 4. Initial conditions susceptible to either flow liquefaction or cyclic mobility (adapted from [11]).
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The flow liquefaction is initiated at the peak of the stress
path in the case of the latter three specimens. The locus
of the points describing the effective stress conditions at
the initiation of flow liquefaction is a straight line [11,
12] called the flow liquefaction surface (FLS). All the
specimens reach the same steady-state point as they have
the same void ratio. The FLS is truncated at the level of
the steady-state point as flow liquefaction cannot occur
if the stresses are below this point. The FLS therefore
marks the boundary between the soil states at which
either flow liquefaction or cyclic mobility can occur.

While cyclic mobility is described in more detail in

the next section, the flow-liquefaction potential of two
investigated materials, silty sand from the Sava river at
Bostanj and lacustrine carbonate silt from Julian Alps,
is estimated on the basis of triaxial test results. Samples
of lacustrine carbonate silt (Figure 5) were reconstituted
at different initial states, while the samples of silty sand
(Figure 6) were intact. The tested state of the silty sand
seems unsuitable for contractive behavior and thus

flow liquefaction is also not expected. Loose samples of
lacustrine carbonate silt contracts remarkably during
shearing. To trigger the flow liquefaction the static shear
stress should exceed the shear strength of a soil in the
liquefied state.
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Figure 5. Undrained triaxial test of isotropic, consolidated, reconstituted samples of lacustrine carbonate silt from the Julian Alps.
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Figure 6. Undrained triaxial test of isotropic, consolidated, intact samples of silty sand from the Sava river at Bostanj.

3 CYCLIC MOBILITY

Cyclic mobility deformations are not of the flowing type
and thus the damage would normally be smaller, but still
severe, than in the case of flow liquefaction. Deforma-
tions due to cyclic mobility are developed incrementally
during cyclic loading. The main reason for the dramatic
increase of cyclic mobility deformations is the loss of
stiffness caused by a decrease of the effective stresses.

An excess pore pressure generated during dynamic load-
ing moves the stress path from its initial position in the
direction of the failure envelope (Figure 7). If the cyclic
stress is large enough, the steady-state strength might
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be exceeded during the cyclic loading. If this happens
near the FLS, the effective stress path can touch the FLS.
Momentary instability can occur therefore, leading to
significant strain development. If the static shear stress is
smaller than the steady-state strength, the strain gener-
ally ceases when the shear stress returns to the values
below the steady-state strength.

If steady-state strength is not exceeded during the cyclic
loading, the effective stress path approaches the so-
called phase transformation surface (PTS) [13]. The PTS
represents a kind of boundary between the dilative and
the contractive behavior of loaded soil. Above the PTS

a dilative tendency increases the effective confinement
(and consequently the shear strength), while below the
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Figure 7. Generation of excess pore pressure due to the cyclic
loading causes movement of the stress path from its initial
position in the direction of the failure envelope.

PTS the soil exhibits a contractive behavior and thus a
tendency to generate excess pore pressure. Youd [14]
clearly described the rearrangements of soil grains that

q A

short-term flow

happen in cyclically loaded soil when the stress path
approaches and crosses the PTS from one side or the
other. A significant shear strain may develop without an
appreciable shear stress at the moment when the PTS is
crossed (Figure 8). This, almost flowing, behavior of the
soil when the stress path meets the PTS causes serious
problems in the numerical modeling of cyclic mobility
phenomena [15].

When the cyclic stresses are larger than the static shear
stresses, stress reversal occurs. Thus, each load cycle
includes compression and extension loading. Any excess
pore pressure generated during the cyclic loading causes
the movement of the stress path in the direction of a
zero effective stress (origin of g-p graph). This state is
called the initial liquefaction [16]. When the stress path
reaches it, only further oscillations along the compres-
sion and extension portions of the drained failure
surface are possible due to the continuation of the cyclic
or monotonic loading [11].
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Figure 8. A typical stress path for cyclically loaded soil and the shear-strain relationship
when it crosses the phase transformation surface (adapted from [15]).
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It can be seen from the results of the two tested materials
(Figure 5, Figure 6) that flow liquefaction is hardly likely
to occur. There is a much higher risk of cyclic mobility,
especially in the case of silty sand from the Sava river at
Bostanj, which was found in the railway embankment.
However, the dynamic load of a passing train might
cause an increase in the pore pressure, leading to the
occurrence of cyclic mobility. Two down-hole arrays
with accelerometers and pore water-pressure sensors
were established to enable monitoring of the dynami-
cally loaded investigated soil response during and after
the upheaval of the water and the saturation of the soil
(Figure 9). The aim of the research was to define an
effective procedure for an evaluation of the excess pore
pressure. This would help to define a stress path during
the dynamic loading and thus help with the prediction
of any deformations.

- g - o
it SR AL TR TR

Figure 9. Railway embankment with a down-hole array and an
accelerometer before the upheaval of the water.

AN ENERGY APPROACH TO
EVALUATING THE EXCESS
PORE PRESSURE

The stress path moves from its initial position due to
changes in the shear stress, which are caused by loading,
and due to the effective pressure decreasing during the
cyclic loading (Figure 7). The effective pressure usually
decreases due to the excess generation of pore pressure.
We can be sure that an excess generation of pore pres-
sure during the cyclic loading actually leads to stress-
path movements and thus to changes in the soil strength
and the stiffness.

Soil-grain rearrangements connected with soil-structure
changes cause the pore pressure to increase when the
soil contracts and decrease when it dilates. Changes
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from contractive to dilative behavior and vice versa
happen when the stress path crosses the PTS. Cyclic
loading causes the irrecoverable contraction of the soil
skeleton (Figure 1), which in the case of an undrained
loading condition is accompanied by the permanent
generation of excess pore pressure.

It is obvious that if a proper model for pore-pressure
changes during dynamic loading were to exist, it would
enable simple access to the modeling of the response of
dynamically loaded saturated soils. The idea for the solu-
tion was taken from metal-fatigue analyses, for which
purpose a cumulative damage hypothesis was developed
[17]. Using this hypothesis an irregular dynamic loading
can be converted into an equivalent damaging quantity,
which makes it possible to evaluate a stress path’s
movement from its initial position, approaching the
phase-transformation surface and the failure envelope.
The energy dissipated during dynamic loading is chosen
as the equivalent damaging quantity.

Quantification by seismologists of the energy released
during earthquakes and the use of the energy dissipation
in performance-based design in structural earthquake
engineering argues for the use of energy for an excess
pore-pressure evaluation procedure. The first steps
toward the energy approach to excess pore-pressure
evaluation were made using the relationships between
the energy released during earthquakes and the sites
where liquefaction occurred [18, 19]. Nemat-Nasser and
Shokooh [20] presented governing differential equations
relating energy dissipation to the densification of dry
samples and to the generation of excess pore-water pres-
sure in saturated samples. The dissipated energy density
W was defined generally at time ¢ as

t

Wy=—[ods,, (1)

0'00

where 0;;and ¢; denote the stress and incremental strain
tensors, respectively, ¢ is the time in which the total
dissipated energy is in question, and ¢’ is an initial
effective confining stress. In the case of the laboratory
cyclic-loaded test results the dissipated energy density
is defined as the area bounded by the hysteresis loops of

the stress-strain curve (Figure 10).

Complementing the theoretical framework, several labo-
ratory tests [21, 22, 23] as well as field measurements
[24] have been performed to prove the relation. A typical
general form, derived from the proposed expressions,
could be written as

n=aW', (2
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Figure 10. The dissipated energy per unit volume for a soil sample in case of cyclic triaxial test results.

where r, denotes the pore-water pressure ratio (=Au/c’),
Au is the pore-water pressure change, while a and b are
functions of the soil type, the relative density of the soil,
the stress conditions, the initial soil-state parameters,
etc. It should be mentioned again that the pore-water
pressure change from Eq. 2 is caused only by the soil
particles being rearranged and that this is a permanent
change.

Lenart [25] divided the excess pore-water pressure
generated during the dynamic loading into two parts:
the temporary pore-pressure change and the residual
pore-pressure change. Temporary pore-pressure changes
can be observed as oscillations of the pore pressure in a
normal pore-water pressure curve. They are caused by
the transmission of compressive stresses onto the pore
water. The origins of the pore-pressure oscillations and
their effect upon the deformation behavior of the soil
during dynamic loading are described in another paper
[26].

Knowing the time function F(t) of a normal component
of dynamic loading to which the soil is subjected, it is
possible to write the equation for evaluating the pore-
pressure ratio, r,, (Eq. 3). The parameters k, and k, are the
residual and temporary pore-pressure parameters, which
depend upon the type of soil and its state. Their evalua-
tion procedure is described in more detail in [25]. Using
the least-square method, the best agreement between
the proposed relationship and the empirical results

was found if a dissipated energy density, W, in Eq. 3 is
raised to the power of /10, where e means the base of
the natural logarithm. As it is based on the dissipated
energy density, the pore-pressure ratio calculated with
Eq. 3 is independent of the loading frequency or the rate
impacts in the case of the strain range typical for cyclic
mobility or liquefaction [26].

r,=W)Y.[k +kF®)] (3

The proposed equation was tested in the case of two
investigated materials. Figure 11 shows the approxi-
mated pore-water pressure changes compared to the
experimental results in the case of the undrained cyclic
triaxial test of the lacustrine carbonate silt sample. The
loading took the form of a sine wave with the frequency
of the loading being 1 Hz. To prove the proposed equa-
tions’ independence from the frequency and the rate

of loading, an irregular loading test was performed on

a sample of silty sand from the Sava river. The loading
simulated a seismic load recorded during the Petrovac
earthquake in Montenegro in 1979. Good agreement
was obtained between the results of the numerical analy-
sis and the results of the laboratory tests (Figure 12).

Similar pore water pressure response due to dynamic
loading was observed also, when other kind of materials
were tested. An interesting increase in share of tempo-
rary pore water pressure changes was noticed in the case
of highly porous snail soil [27].
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STRESS-STRAIN RELATION
MODELING

If the generated excess pore-water pressure during the
dynamic loading of saturated soil can be evaluated in
the proper way, most of the work is done already. This
makes it possible to evaluate the exact position of the
stress path during the dynamic loading and thus to take
into account the progressive degradation of the stiffness
and the strength of the soil in an effective stress analysis.

The remaining problem is how to treat the phases of
sudden soil softening and the significant regain in soil
stiffness during cyclic loading at large deformations.
Large deformations are limited by the soil hardening
when the stress path crosses the PTS. A recent study [25]
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showed that this highly yielded segment can be limited
by the amount of dissipated energy. Figure 13 presents
an evaluation of the energy dissipated during the
softening phase. It has been found through research [25]
that the dissipated energy during the softening phase

in a single load cycle is linearly related to the residual
pore-pressure ratio. Using this finding one can define the
residual pore-pressure ratio at which soil softening due
to the cyclic mobility effect starts.

The pore-pressure model presented in the previous
section and the relation between the pore pressure and
the energy dissipated during short-term flows when the
cyclic mobility occurs were used [28] for simple stress-
strain relation modeling. The results in case of the tested
lacustrine carbonate samples are presented below.
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Figure 14. Typical simulation of the pore pressure (a), stress states (b), displacements (c) and stress-strain relation (d)
for a cyclic triaxial test of a reconstituted sample of lacustrine carbonate silt.
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6 CONCLUSION

Due to the large accompanying deformations and the
possibility of severe damage, the response of dynamically
loaded saturated soils has long attracted attention. Flow
liquefaction and cyclic mobility are two phenomena that
are often confused with each other. Their characteristics
are described using two case histories from Slovenia:
lacustrine carbonate silt from the Julian Alps and silty
sand from the Sava river in Bostanj.

The effective stress decrease and the occurrence of

large strain without any noticeable increase of the

stress are common characteristics of flow liquefaction
and cyclic mobility. An undrained loading condition,
which is needed in both cases, is assumed to be present
in saturated soil subjected to a rapid, dynamic load.
Flow liquefaction appears suddenly when the residual
strength of a soil is smaller than the static shear stress
required for the equilibrium of a soil mass. On the other
hand, cyclic mobility deformation develops incremen-
tally during cyclic loading, mostly due to a decrease of
the stiffness caused by a decrease of the effective stresses.
It is important, therefore, to know the excess pore-water
pressure generated during the cyclic loading of saturated
soil, which impacts most upon the effective stresses in
the soil.

An energy approach to saturated-soils response model-
ing during a dynamic load is presented in this paper.
The energy concept is based on the idea that part of the
energy of a dynamic load is dissipated into the soil. The
density of the dissipated energy is represented by the
area of the hysteretic strain-stress loop. The dissipated
energy density is related to the generated excess pore-
water pressure. The latter was divided into the temporary
and residual generated excess pore-water pressure. Such
a formulation helps to model very precisely the pore-
water pressure oscillations during irregular dynamic
loading.

The dissipated energy was evaluated during the soil-
softening phase during cyclic mobility as well. Based on
the observed linear relation between it and the residual
excess pore-water pressure a promising attempt at
modeling the response of dynamically loaded saturated
soils was made.
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