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6.1 Introduction

The soil beneath vertical breakwaters is subjected to a combination of forces induced by the
waves. These forces can be characterised as (1) static load due to the submerged weight of the
structure, (2) quasi-static forces induced by cyclic wave loading, and (3) wave impact from
breaking waves on the vertical wall. A detailed explanation of the wave induced force is given
in volume II a “Hydraulic Aspects”. This chapter describes numerous geotechnical failure
modes and corresponding limit state equations for monotonic, and dynamic loading of caisson
breakwaters. The limit state equations presented herein are all estimated using the upper
bound theory of classical plasticity theory. This approach, to formulate the limit state
equations, is suitable for implementation in computational reliability programs.

The behaviour of granular materials can normally be accurately characterised by results from
drained tests, since the materials can be considered fully drained in many practical problems.
However, if the rate of loading is very high, such as that resulting from impact forces from
breaking waves on vertical breakwaters, then essentially undrained conditions can exist. In
addition, if the dimension of the breakwater is large and the permeability of the cohesionless
soil is relatively low, significant pore-pressure changes may develop as a result of the quasi-
static forces induced by cyclic wave loading, as described in Chapters 4 and 5. It will be
explained how the limit state equations can be used for (1) quasi-static forces induced by
cyclic wave loading, (2) wave impact from breaking waves on the vertical wall.

6.2 General

In the following different failure modes for caisson breakwaters and the corresponding limit
state equations will be presented. The failure modes have to be both statically and
kinematically admissible. It is, however, difficult to find solutions that fulfil both conditions.

= o



AU L.B. IBSEN & K.P. JAKOBSEN

In practice this problem is solved by introducing different calculation tools in the design of
large foundation structures, (Sgrensen et al. 1993).

Normally the following calculation tools are used:

« Upper Bound Theory
» Limit Equilibrium Analysis
« Finite Element Analysis

Bearing capacities calculated by the Upper Bound Theory will be on the unsafe side of the
correct solution compared to the Limit Equilibrium and the Finite Element Analysis.
Normally the range between the three methods is very small.

6.2.1 Assumptions and Simplifications

The elaborated limit state equations can be used for pure frictional or cohesive materials. The
contribution to the bearing capacity from cohesive layers is therefore expressed by the
undrained shear strength c, whereas the contribution from layers consisting of friction
materials is due to its dilative behaviour, y, and the gravity ¥’ of the displaced soil mass. In
traditional bearing capacity analysis this fundamental description of soils corresponds to an
expectation of drained and undrained failure in the soil under static loading. When dealing
with time varying loads it is, however, necessary to consider the possibility of instantaneous
pore pressure build up during repetitive loading (see Section 4.1). For soils with low
permeability the undrained condition and generation of pore pressure are evident, whereas for
more permeable soils the possibility of undrained or partly undrained behaviour must be
evaluated. This possibility of pore pressure build-up can be expressed in terms of the
characteristic drainage period Tgs and the period of the wave load (see Section 4.2). The terms
drained and undrained subsoil are adopted throughout the presentation of the limit state
equations and it is up to the user to evaluate the actual drainage conditions.

A basic principle of the upper bound theory is the assumption of associated flow in the soil
during shear. This prerequisite is fulfilled during undrained failure but is indubitably violated
during drained failure, as the friction and dilation angle for frictional materials are quite
different. This discrepancy is taken into account by use of a reduced effective friction angle
®q, see Hansen (1979):

sin @' cos y
1 —sing'siny

(1)

tan gy =



CHAPTER 6 LIMIT STATE EQUATIONS

6.2.2 Foundation Loads

The foundation loads are due to the net weight of the caisson, wave generated horizontal force
on the caisson and seepage forces in the rubble mound. The wave generated horizontal force,
Fu, is estimated using the formulas given in Volume I a “Hydraulic Aspects”. The wave
generated seepage forces, is as mentioned in Chapter 4, rather complicated to describe. It is
for simplicity assumed that the seepage forces in the rubble mound can be described by one or
two vertical components acting on impermeable horizontal boundaries and a horizontal
component acting on the rupture boundary. As illustrated in Figure 1 has a simple linear
approach been adopted for determination of the forces. As illustrated in the figure will the
horizontal force on the rupture boundary and the downward force on the interface between
rubble mound and subsoil depend on the height of the rubble mound and failure mode.

Fig. 1. Wave induced seepage forces.

The bottom of the caisson forms an impermeable horizontal boundary and is therefore
subjected to a seepage generated vertical uplift. The determination of the vertical uplift, Fy, is
discussed in Chapter 4 and given by equation 2.

B
B L= fp u (2)
where
B is the width of the caisson.
Pu is the uplift pressure at the edge of the caisson.
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The horizontal seepage force acting on the rupture boundary is rather complicated to
determine as the variation of the pressure along the rupture boundary depends on several
mechanical and geometrical quantities. The horizontal seepage force, Fyy, is for simplicity
derived from equation 4, which is based on the approximated model illustrated in Figure 1.

2_ g2
&Z_B_d_p” tanfd d>0
Fry={ p @
e
SR P tan g d<0
where
B, is the effective width of the caisson.
d is the horizontal distance from the rear edge of the caisson to the point where
the failure progresses into the subsoil.
§) is the angle between the bottom of the caisson and the rupture boundary.

In cases where failure progresses into an undrained or impermeable subsoil can the seepage
pressure generate a driving force on the interface between the rubble mound and subsoil. The
force is for simplicity assumed to have the same distribution and magnitude as the uplift
pressure. The downward pressure only affects the part of the subsoil that is included in the
failure. Based on the principles outlined in Figure 1 it is possible to express the downward
force, Fp, as in equation 3.

2 4so
Fo=3 2BP% 47 (3)
0 d<0

From the figure and formulas above it is noticed that the principle of effective foundation
width is adopted for derivation of the limit state functions and determination of seepage
forces. This principle is known to be conservative, but it leads to limit state equations that are
more applicable to engineering practice.

6.3 Limit State Equations

The limit state equations are obtained from three different groups of failure modes expresses
the relation between external forces, geometric quantities and soil properties.

For the majority of the equations an optimisation on the geometric quantities is required for
determination of the critical loads or bearing capacity. Optimisation parameters and
constraints are given in these cases. Furthermore, a description of the mode of operation for
each limit state equation is given. As the derived limit state equations are very voluminous
only the principles of the limit state equations are stated. A thorough derivation of the limit
state equations is found in Annex A.



CHAPTER 6 LIMIT STATE EQUATIONS

6.3.1 Failure Mode: Sliding Over Foundation

Limit state equation 1

By /2

FG"FU

SLIP FAILURE

Fig. 2. Sliding between caisson and rubble mound.

The failure progresses as a horizontal displacement of the caisson due to lack of frictional
resistance between the caisson and the bedding layer/rubble mound. The limit state equation,
which is identical to Coulombs frictional hypothesis, is given in equation 3.

g=(FG"FU)w1V—FHC!)1H=O (5)

6.3.1 Failure Mode: Bearing Capacity Failure in Rubble Mound

Limit state equation 2

Bz/2 B1/2
HZ/ Z/h—
__________ Fo—Fy e

Fu +Fau

S A

7 " RUBBLE MOUND
ek T T T T T TN Y L ST

Fig. 3. Sliding through rubble mound.

Failure occurs as a simple rupture line from the bottom of the caisson and through the rubble
mound. The failure is described by the optimisation parameter 0. As the resistance against
failure solely depends on the work from the displaced rubble mound material, the angle 6
must be within the limits given in 6. It is hereby ensured that a positive work contribution is

-5.
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produced and that the failure lies within the rubble mound. The derived limit state equation is
given in 7, where @y, @y are the vertical and horizontal displacement of the soil mass in
region 1. W, is the work due to the gravity of displaced soil mass in region 1, see Annex A.

' . L D

5 1
Osﬁsmm(q)dl,tan [Bz+a+b (6)
g:Wl+(F(}—Fu)w1v—(FH+FHu)CD1H:0 (7)

Limit state equation 3

SWL /o /
*********** HBZ yHBZ/E R e e s e
FG = }‘U
- b
Py +Fuu
LT 0 & W I
__‘/“ & .‘V'

A" RUBBLE @ > h

A MOUND = , 1
A U T T O TOUUUONC T 1 Koo
B C

UNDRAINED SUBSOIL

Fig. 4: Sliding in the transition zone between rubble mound and undrained subsoil.

Failure occurs as sliding in the transition zone between the rubble mound and undrained
subsoil. As the caisson and region 1 are subjected to a horizontal displacement the resistance
against failure is solely due to the shear resistance of the undrained subsoil along the rupture
line lgc. The angle between the bottom of the caisson and failure line through the rubble
mound is given by the friction angle of the rubble mound material. The limit state equation is
given in 8.

g=Wi—-(Fr+Fpy)oip=0 (8)

Limit state equation 4

The failure occurs as a combination of line and zone failure in the rubble mound. Region 1
and 3 are displaced as rigid bodies, whereas region 2 consists of a zone failure rotating about
point D. The limit state function is given in 9.

3
g:§W:'+(FG_FU)CUIV—(FH+FHU)CUIH:0 (9)
-6-
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Fig. 5. Line and zone failure in rubble mound.

The geometry of the failure is controlled by the 2 free parameter's 8 and o used for
optimisation of the mechanism. To ensure that the failure will progress within the rubble
mound the constraints given in 10-13 must be imposed.

0>0 (10)
0<a<é (11)
B+a—0>0 (12)
A320 (13)

.\D
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Fig. 6. Failure in rubble mound.

Limit state equation 5 is based on an assumption of constant volume conditions in the rubble
mound. The limit state equation is therefore only valid if the failure load is reached within a
short period of time. Under these circumstances the failure can be described by a single

5
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circular slip line from the bottom of the caisson to a point located on the surface of the rubble
mound. The resistance against failure is obtained from the shear resistance along the circular
arc from A to B. In cases where point B is located on the inclined part of the rubble mound the
displaced soil mass will affect the bearing capacity due to asymmetry and actually precipitate
the failure. The limit state function is given in 14

3
8:2:Wr'—(FG—FU)(XD—%),B—(FH+FHU)yD/5’=O (14)

The limit state equation must be optimised with respect to the centre of rotation (Xp, yp). The
constraints given in 15-17 must be imposed.

yp=0 (15
B,

““Z‘“SJCDSBZ+a+b (16)
c<hy (17

6.3.1 Failure Mode: Bearing Capacity Failure in Subsoil

Limit state equation 6

SWL Bz/2 Bg/2
___________ hz—/*_zé___________wﬁ_,_____,Vif
Fc; - FU
et b >
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e RUBBLE -8 = b
g MOUND v ) .
e e I I G VALK AT Ag - Y
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@y % = ‘Pd:g) 2

Fig. 7. Failure in rubble mound and drained subsoil.

Assuming that the rubble mound material has a higher strength than the drained subsoil and
that the angle between the failure lines lap and Isc correspond to the difference between the
friction angles of the two materials, regions 1 and 2 will be displaced as one rigid body.
Region 3 consists of a rupture zone rotating about point F. As the zone failure takes place in
both the rubble mound and drained subsoil, the development of the zone is described by the
weaker subsoil. Region 4 brings the rupture to the free surface of the subsoil by a rigid body

S B
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displacement. For regions 2 to 4 a possible difference in gravity between rubble mound and
subsoil material is taken into account. The limit state function is given in 18.

4
g:Z}Wi"‘(FG—FU)COlV"‘(FH‘['FHU)CUIH:O (18)

The geometry of the failure is controlled by the free parameter 6 used for optimisation of the
mechanism. To ensure that the failure will progress within the rubble mound the constraints
given in 19-20 must be imposed.

by J
| § LS ¢ S
02 tan™ {52 (19)

612 %~ 94 (20)

Limit state equation 7

-
AT MOUND i tpd
M T L AR ICRAR

DRAINED SUBSOIL

Fig. 8. Failure in rubble mound and drained subsoil.

Assuming that the rubble mound material has a higher strength than the drained subsoil and
that the angle between the failure lines 1g and Isc corresponds to the difference between the
friction angles of the two materials, regions 1 and 2 will be displaced as one rigid body.
Region 3 consists of a rupture zone rotating about point F. As the zone failure takes place in
both the rubble mound and drained subsoil, the development of the zone is described by the
weaker subsoil. Region 5 brings the rupture to the free surface of the subsoil by a rupture zone
rotating about the heel of the rubble mound (point G). Region 4, placed between the two
rupture zones, moves as a rigid body. For regions 2 to 4 a possible difference in gravity
between rubble mound and subsoil material is taken into account. The limit state equation is
given in 21.
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5
g:_{‘j_[ Wi+ (Fs-Fylow—(Fug+Fuy)win=0 21)

The geometry of the failure is controlled by the free parameter 6 used for optimisation of the
mechanism. To ensure that the failure will progress within the rubble mound the constraints
given in 22-23 must be imposed.

h
- I
f > tan [——Bz T as b) (22)

61>Z g, 23)

Limit state equation 8

Bz,fg : Bz/ﬁ

e Batal W pree—e——————

m ()
Fu+ Fio -~z

Pa, /0 1s A\
RUBBLE MOUND f‘gnd‘,’ ey F% I

UNDRAINED SUBSOCIL

d | a | h |

|
I

Fig. 9. Sliding through rubble mound and failure in undrained subsoil.

The failure in the clayey subsoil is identical to the traditional translation mechanism. To
preserve the compatibility between region 1 and 4, the angle between the failure lines las and
lzc must be identical to the friction angle of the rubble mound material. At failure regions 1, 3
and 4 move as rigid bodies. Region 2, which consists of a rupture zone rotating about the heel
of the rubble mound (point F), brings the failure to the free surface of the undrained subsoil.
The resistance against failure is in part due to the gravity of the displaced soil in region 4, but
also the internal work due to the shear resistance of the undrained subsoil along the line
rupture from point B to E and in the rupture zone. The derived limit state equation is given in
23. The limit state equation is optimised with respect to 8. To ensure that the rupture enters
the clayey subsoil the constraint given in 24 is imposed.

4
gzg}Wi+(FG_FU+FD)QJ4V_(FH+FHU)034H:O (23)

-10 -
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h
6> max[O; tan™! [—BZ_-t——g—i—_b] - @d.] (24)

Limit state equation 9

The failure occurs as overturning of the breakwater. The failure consists of a logarithmic slip
line in the rubble mound material and a circular slip line in the undrained subsoil. The
mechanism is controlled by the centre of rotation and the corresponding distance to the heel of
the rubble mound (point C). The resistance against failure is obtained from the gravity of the
displaced soil in region 1 and the shear resistance along the circular arc from B to C.

*p
f———

B;/2 By/2
p2/2 Be/2 |

ATTT O =
%" RUBBLE L /T (D)
g MOUND ! =
e x X3 A AN\ 1/’ —a

B
UNDRAINED SUBSOIL (2)
< cl pood L b

Fig. 10. Failure in rubble mound and undrained subsoil.

The derived limit state equation is given in 25, whereas the necessary constraints are given in
26-30.

2

g= § Wi—(Fc—Fu +FD)[xD— %“)ﬁ —(Fy+Fuu)ypf=0 (25)
yp 20 (26)
%SxDSBZ+a+b @7)
repcosa=yp+hy (28)
a=0 (29)
=0 (30)

-11-
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Limit state equation 10 (Constant volume)

Limit state equation 10 differs from limit state equation 9 in the description of the failure
through the rubble mound. In the present case the failure is presumed to take place under
constant volume conditions. For frictional materials this applies that failure loads must be
reached within a short period of time, for example impact loading due to breaking waves.
Under these circumstances the failure can be described by a single circular slip line from the
bottom of the caisson to the heel of the rubble mound (point C).

Ay
; D
s e — |

Bo /2 Bg/2
L BB B TR

A

G 1 ) A
1L
A" RUBBLE
< MOUND
A L X L TN

B

(2)
UNDRAINED SUBSOIL )
C

- N SRS S,

Fig. 11. Failure in rubble mound and undrained subsoil.

The resistance against failure is obtained from the gravity of the displaced soil in region 1 and
the shear resistance along the circular arc from A to C. The derived limit state equation is
given in 31, whereas the necessary constraints are identical to those given for limit state
equation 9.

2

gizW:‘_(FG_FU+FD)(JCD—%)ﬂ—(FH+FHU)yDﬁ£O (31)

i=1

6.4 Influence of cyclic wave loading

As discussed in Chapter 5, the pore pressure increase depends on the intensity and duration of
the cyclic load history and the drainage conditions, i.e. soil permeability, compressibility and
drainage distance. If the drainage condition is limited a gradual accumulation of excess pore
pressure may develop. This will cause a gradual reduction or increase of the effective stress in
the soil. The influence of cyclic wave loading, i.e. the effect of “precycling” and accumula-
tion of excess pore pressure, is taken into account by following the guidance given in Chapter
5. The shear strength depends on the effective stresses in the soil, and thus on the excess pore
pressure generated during the storm. The shear strength is further dependent on whether the
soil is contractive or dilative during the shearing under the extreme loads and whether this
takes place under drained, partly drained or undrained conditions. If the breakwater is not
exposed to impact wave loading the increased or reduced strength parameters, due to the
influence of cyclic wave loading should be used.

=] e



CHAPTER 6 LIMIT STATE EQUATIONS

The gravel and the rockfills of the mound will be drained and clay will be undrained during
the period of one wave cycle. The stability of the breakwater is evaluated by using limit state
equations 1, 2, 3, 4, 8 and 9.

Sand may be partly drained during the period of one wave cycle and it is necessary to consider
whether the partial drained or the drained shear strength should be used in the stability
calculations. The stability of the breakwater is evaluated by using limit state equations 1, 2, 4,
6 and 7. After soil is loaded close to failure and subsequently unloaded, a small permanent
deformation remains. Significant permanent deformations remain if several cycles of extreme
loading and subsequent unloading occur briefly after each other, so briefly that hardly any
drainage takes place during the considered cycles. This phenomenon is usually referred to as
“cyclic mobility”, and it results in cyclic residual deformations.

Cyclic mobility may result in unacceptable deformation of the foundation of a vertical
breakwater on a subsoil of clay, silt or fine sand (characteristic drainage period Tes larger than
approximately 10 times the wave period, see Section 4.2). In design of breakwaters the cyclic
residual deformations need to be restricted to an allowable measure. This means that the
cyclic stress amplitude has to be limited to such a value that within the expected number of
wave loads a certain residual shear strain is not exceeded. The Database (NGI, 1999) contains
diagrams that give the cyclic shear strain relative to the average shear stress and shear stress
amplitude. Some diagrams are presented in chapter 2 of this volume.

The analysis to restrict cyclic residual strain requires the following steps:

« Select the maximum acceptable residual shear strain

« Perform a sliding plane analysis with the load induced by the weight load and the
average between extreme wave load (at wave crest) and the minimum wave load
(at wave trough) to calculate the average shear load along potential sliding planes.

« Derive the acceptable cyclic shear amplitude for all parts of each potential sliding
plane from the Database graphs, with respect to the selected maximum acceptable
residual shear strain.

« Perform sliding plane analysis with the extreme wave load, find the resulting shear
stress and compare it with the allowable.

A complete description of the required steps can be found in Andersen and Lauritzen (1988).

6.5 Influence of impact wave loading

In practice undrained failure in frictional materials is of rare occurrence. This failure state
must, however, be considered in a design situation where there is a possibility for impact
wave loading. Whether drained or undrained failure occurs depends on the grain size
distribution and void ratio of the material, but for fine frictional materials as sand undrained
failure may actually occur during the short peak loads from wave impacts. The undrained
shear strength of the frictional material should under these circumstances be evaluated as
described below. For coarse materials as the gravel and rock fill of the mound the occurrence

w15 =
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of an undrained failure is questionable. It could instead be argued that the failure in these
materials progresses under constant volume as the duration of the impact is so short that
dilation hardly occurs. Under these conditions the shear strength of the gravel and rock fill
should be used. Limit state equations 5 and 10 are especially derived for evaluation of
constant volume and undrained failure.

6.5.1 Undrained shear strength of frictional materials

3000 .
2500 4
2000
521500
o
1000 -
500
O T bl T T 1
0 200 400 600 800
o, [kPa]
3000 - 3000 1
2500 - 2500 -
2000 3 2000
521500 - 531500
ot o
1000 A 1000 -
500 . 500 -
AR
0 T T % T 1 04 T T T T T 1
1000 0 100 200 300 400 0 2 4 6 8 10 12
u [kPa] e, [kPa]

Fig. 12. Results of undrained triaxial test performed on Aalborg University Sand No. 1. The
test was performed with a constant deformation rate of 100 % per hour. The specimen was
prepared with e=0.55 corresponding to Dr=100%.

It is known from constant volume tests that the tendency to contraction or dilation of the soil
skeleton is forcefully resisted by the pore fluid creating a positive or negative increase in the

< i<



CHAPTER 6 LIMIT STATE EQUATIONS

pore pressure. In the majority of the cases the pore fluids resistance against volume changes
will lead to a strengthening of the soil. The phenomenon static liquefaction only occurs for
very loose deposits. An example of undrained soil response is given in Figure 12. The figure
shows that the pore pressure initially increases to prevent the sand from contraction, du>0.
When the effective stress state approaches the characteristic stress state (CS), point A, 6u—0.
Between point A and B the pore water manages to prevent the sand from dilating and the pore
pressure generation is negative, du<0. Up to point B the effective stress path follows the
common stress path (CSP) defined by the drained stress states where X6e,=0. When the pore
pressure becomes negative the response changes character. The pore water can no longer fully
prevent the dilation and the response starts to deviate from the common stress path. At point C
the pore water provides the maximum resistance and cavitation occurs at approximately -90 to
-100 kPa, corresponding to the atmospheric pressure. From this state the effective confining
pressure remains constant, and further strengthening of the material depends entirely on the
dilatation. At point D failure occurs, while the negative pore pressure remains constant and
does not vanish between point C and D.

Based on the characteristics given above the undrained shear resistance for frictional materials
can easily be determined at a given point beneath the structure. The determination requires
knowledge of the effective friction angle, initial effective state of stress corrected for the
influence of the cyclic loading (o3, ) and the maximum pore pressure that can be generated
during shear. The maximum negative pore pressure that can be generated during shear equals
the initial hydrostatic pressure uy plus the atmospheric pressure p.. The principle of the
method is illustrated in Figure 13.

A

Fig. 12. Principle of the determination of the undrained shear strength.

- 15 -
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The undrained shear strength of the frictional material is given by the following relation:

: !
= (G +un +p )T (32)

__, _sing
Cu=Tr =07 —sin ¢’

- sin @'
If the dilating sand and gravel are not fully saturated one should be careful about relying on
the higher shear strength due to negative pore pressures.

6.6 Deformations due to impact wave loading

During extreme high wave impacts, the loading may exceed the static bearing capacity of the
foundation for a short period. This exceeding will cause permanent deformations of the
foundation, but due to inertia or dynamic strengthening of the soil the deformations may be
small enough to be acceptable. The model presented in this section is developed for evaluation
of such permanent deformations. The model is based on the upper bound theory of classical
plasticity theory and settles with the classical elastic methods. This change of approach is
necessary, as the elastic method is inadequate in cases where the impact load is so significant
that it doubtless will cause permanent plastic deformations of the foundation.

Experience shows that the soil under impact loading normally will produce a reaction, which
exceeds the static capacity. This additional capacity emanates from inertia forces, geometrical
changes and an additional strengthening of the soil due to the dynamic loading. The model
takes these contributions into account and allows for impact loading that exceeds the static
bearing capacity.

The principle of the model is given in the succeeding sections and an example of the
application is given in Annex B.

6.6.1 Principle of the Dynamic Model

As described above the dynamic model is based on the upper bound theory of classical
plasticity theory. Example on the use of this theory was given in Section 6.3 for various
failure modes and corresponding limit state equations for caisson breakwaters subjected to
static or quasi-static loading.

The first step in the dynamic analysis includes a determination of the critical limit state
equation under static loading. The knowledge gained from this analysis, e.g. bearing capacity,
displacement field and geometrical quantities describing the failure, forms basis of the further
investigation.

As the foundation is subjected to a dynamic impulse, I(t), that exceeds the static bearing
capacity, F, a failure state is reached and the structure and the subsoil will be accelerated and
displaced. The deformation of the system will progress until the dynamic contributions at a
given time counteract the dynamic impulse. As the model is based on the assumption of rigid
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plasticity the deformation stops when the deformation velocity reaches zero and the
permanent deformation is directly obtained.

6.6.2 Dynamic Impulse

The description of the dynamic impulse or dynamic load history is in general attended with
great difficulties due to the highly stochastic processes involved. For impact wave loading the
deficiency is mainly due to the large number of influencing parameters related to the geometry
of the structure and foreshore, as well as the effect of entrapped air in breaking waves.
Results, however, show that for waves breaking on the structure the load history contains one
or two peaks followed by rapid decay to the quasi-static load level, Oumeraci and Kortenhaus
(1995). These characteristics have lead to two simple descriptions of the impulse given in
Figure 14.

a,) b)
QA Q
Qd Qd
S N W o
£ i ¢

Fig. 13. a) Triangular load history, Oumeraci and Kortenhans (1995). b) Exponential load
history.

It may be argued that the descripticns are oversimplified, but with the difficulties attached to
the characterisation of the impulse and the fact that the present dynamic model only accounts
for loads that exceed the static bearing capacity of the foundation the procedures are found
reasonable. The mathematical formulation for the two load histories is given in equation 33.
The triangular load history is given by the peak force Q, the rise time t, and the decay time t,.

er—r 0<r<ty
10=1 o1-+2%) t.<1<a (33)
0 tg<t

In cases where the rise time is very short it is found convenient to describe the load history by
a simple exponential function given by the peak force and a constant of decay k.

I(t) = Qe ™ 34
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For use with the dynamic model it is convenient to express the magnitude of the impact
relative to the static bearing capacity by an overloading factor S:

Qa4 -
==L (35)

A more thorough description is found in Annex B.

6.6.3 Dynamic Contributions

The necessary information about displacements and accelerated masses is fully deduced from
the static analysis in form of predefined displacement diagrams and geometrical quantities.

Inertia forces due to acceleration of the structure and the soil mass will, in accordance with
Newton’s 2 law, contribute to the system’s resistance against deflection. The inertia of the
system is found by summing up the inertia from structure and the different failure regions:

AF™(w) =Y dAp; (36)
i=1

Whenever the bearing capacity is exceeded soil will be pushed up at the side of the foundation
and increase the stabilising earth pressure. The displacement of the soil will, however, at the
same time lead to a reduction of the shear resistance due to a shortening of the failure lines.
This effect of geometrical changes can be expressed as:

w

AF @) = yA(w) - [ ¢,(s)ds (37)
0

The effect of the geometrical changes will either lead to a strengthening of the foundation or
precipitate failure. Thus the effect must be evaluated in each case.

Besides these contributions due to inertia and geometrical changes the displacement velocity
might affect the strength of the soil. Several tests have been performed in order to investigate
the effect of deformation rates on the strength of both cohesive and frictional soils. For
frictional materials the strength seems to be independent of the displacement velocity (Ibsen,
1995), whereas the strength of cohesive soils is found to increase with increasing
displacement velocity. This partially viscous behaviour is described by Bjerrum (1971) and by
Kulhawy and Mayne (1990) and may be expressed as:

cid) = ¢, +xc,logd = ¢, + Acldd (38)

The effect on the failure mechanisms shear resistance can be formulated as in 39 by summing
up contributions from the different failure lines and regions:
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AF<(d) = [, clls, @) —cu()ds+ [ , cdls, @) = cu(s)dsdl (39)

6.6.4 Equation of Motion

The dynamic terms given in 36, 37 and 39 together with the static bearing capacity and the
dynamic impulse yield the equation of motion with one degree of freedom:

I(t) = F+ AF™()) + AF<(d) + AF¥(w) (40)

The permanent deformation of the system can be determined by solving the equation of
motion and following the principles outlined in Section 6.6.1. The solution to the equation of
motion depends on the actual failure mode and the dynamic contributions. An example of the
application of the model is given in Annex B.
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6.8 Symbols

The list only includes the most common symbols. Additional quantities are explained in the
text or will appear from the figures.

A [m?]: Area

B [m]: Foundation width

B. [m]: Effective foundation width
£ [kPa]: Undrained shear strength

= 19=



AU L.B. IBSEN & K.P. JAKOBSEN

F [kN/m]: Force

Fs [kN/m]: Force due to gravity

Fy [kN/m]: Force due to upward seepage pressure
Fp [kN/m]: Force due to downward seepage pressure
Fu [kN/m]: Horizontal force

Fuu [kN/m]: Horizontal component of wave induced pressure
H [m]: Height of structure

J [kgm]: Mass moment of inertia

M [kNm/m]: Moment

Pu [kPa]: Upward pressure

P4 [kPa]: Downward pressure

Pa [kPa]: Atmospheric pressure

Qq [kN/m]: Magnitude of dynamic pulse

u [kPa]: Pore pressure

Up [kPa]: Hydrostatic pore pressure

S [-]: Dynamic overloading factor
W [kNm/m]: External and internal work
X [m]: Horizontal distance

y [m]: Vertical distance

o [m]:  Unit displacement

B [°]:  Angle of rotation

0] [°]:  Friction angle

®q [°]: Reduced friction angle
v [°]l:  Angle of dilatation

Y [KN/m’]:  Specific weight

(6] [m]: Displacement

p [kg/m*]: Density

O3 [kPa]: Confining pressure, horizontal stress
T [kPa]: Shear stress, shear strength

Subscripts
i Summational parts, layer, initial state or region

1

G Parameter relative to centre of rotation or centre of gravity

f Failure

H Horizontal

v Vertical

AB . Paired subscripts in capital letters are used for the length between
adjacent points (e.g. point A and B)

Superscripts

Denotes effective parameter

Dynamic contribution due to geometric changes

Dynamic property (strengthening due to dynamic loading)
Dynamic contribution due to inertia

k
d

m
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