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Abstract

The paper deals with engineering analysis of breakwater behaviour due to earthquake-
induced subsoil liquefaction. First, a simple model enabling analysis of pore-pressure
generation in saturated granular soils, due to cyclic loading, is outlined. It is also
shown how this model can be applied to the analysis of seabed behaviour during
carthquakes. Then, a simple model of breakwater resting on saturated subsoil in
which the phenomena of pore-pressure generation and liquefaction take place is
described. This model enables estimation of changes of seabed effective reaction due
to pore-pressure generation, as well as subsequent sinking of the breakwater due
to subsoil liquefaction. Numerical examples illustrate theoretical considerations and
show links between breakwater behaviour and earthquake characteristics.
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1. Introduction

The present paper was inspired by the effects of the 1999 Turkey earthquake which
strongly damaged the Kocaeli region, including coastal zone of the Izmit Bay,
which is part of the Marmara Sea. The observed effects of this earthquake include:
sinking of breakwaters and other structures, large displacements of quay-walls in
harbours, large settlements of ground and backfills, etc., Sumer et al (2002). The
global cost of devastation was enormous, as can be measured by the billions of
US dollars, not to mention many thousands of human lives.

Understanding and prediction of earthquake effects is one of the main chal-
lenges in contemporary civil and maritime engineering, as it may lead to safer
design of infrastructure. This is not an easy task since earthquakes are usually un-
expected, therefore detailed observation of associated phenomena is practically
impossible. Some observations can be made during post-earthquake inspections,
which is the main source of information about permanent global effects of ground
shaking.
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The aim of this paper is an engineering analysis of breakwater settlements
due to earthquake-induced subsoil liquefaction. In fact we analyse the behaviour
of a rigid block, which may model a breakwater, gravity jetty or other structures.
For the sake of brevity, a designation of breakwater will be used in the present
paper. In order to describe this behaviour, some knowledge regarding the mech-
anism of pore-pressure generation in saturated soil is necessary, as this process
leads to liquefaction. Therefore, at the beginning of this paper, a brief description
of earthquake-induced liquefaction of seabed is presented. A simple model of
breakwater resting on saturated subsoil, in which the phenomena of pore pres-
sure generation and liquefaction take place, is then described. The model enables
estimation of regrouping of effective stresses in subsoil, as well as assessment of
subsequent sinking of the breakwater due to subsoil liquefaction. Numerical ex-
amples illustrate theoretical considerations and show links between breakwater
behaviour and earthquake characteristics.

We have attempted to construct a model of the system: breakwater-subsoil as
simple as possible, using methods of general mechanics, and minimal set of avail-
able information. It is shown that such an approach provides realistic predictions,
which are also of practical importance.

2. Earthquake-Induced Liquefaction of Seabed

Saturated granular soil is usually treated as a two-phase medium consisting of
a solid skeleton and fluid which fills pores. Overall behaviour of such a mixture
depends on the effective stresses in the soil skeleton. If they are compressive and
not exceeding certain criteria as, for example, the Coulomb-Mohr yield condition,
the soil skeleton is able to support additional loads, and behaves macroscopically
like a solid body. Under certain conditions such as, for example cyclic loadings,
the pore-water pressure may increase, reducing the effective stresses, and con-
sequently also reducing the shearing resistance of saturated soil. Under extreme
conditions, the effective stresses drop to zero and saturated soil is said to have
liquefied, as it behaves macroscopically as liquid, which cannot support any load.

The problem of soil liquefaction has been one of the biggest challenges in con-
temporary soil mechanics for some 40 years, although the first attempt to explain
this phenomenon was made by Casagrande (1936) much earlier. It is impossible
in this short paper to present extensive state-of-the-art regarding developments
of this interesting subject. Respective references can be found in Bazant and Kir-
izek (1976), Cakmak (1987), Finn (1982), Finn et al (1971), Ishihara and Towhata
(1982), Ishihara (1996), Martin and Seed (1982), Nemat-Nasser and Shokooh
(1979), Seed and Lee (1966), Valanis and Read (1982), Zienkiewicz et al (1978),
Zienkiewicz et al (1999).

For purposes of this paper, it does not matter which approach, empirical or
theoretical, will be used in order to determine development of liquefaction in the
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seabed, provided that a method applied leads to realistic predictions. It should be
mentioned that, up to now, none of existing approaches has been accepted as reli-
able geotechnical standard. However, for the sake of self-consistency of this paper,
a simple low-resolution model enabling estimation of pore-pressure generation
and liquefaction will be outlined. This model was proposed by Sawicki (1987) as al-
ternative to computationally more complex model of Morland and Sawicki (1983,
1985). Some applications of these models to the analysis of earthquake-induced
pore-pressure generation and liquefaction in saturated subsoil are described in
Sawicki and Morland (1985), Sawicki and Swidzifiski (1989a, b).

2.1. Model of Liquefaction

The first constitutive equation describes compaction of soil in fully drained con-
ditions

do
g = DiJ exp(=D, @), M

where @ is irreversible porosity change due to cyclic loading, defined as follows:

nop—n

= " 2)
where
n — current porosity,
no — initial porosity,
N — number of loading cycles (assumed as continuous variable),
J — second invariant of the tensor of cyclic strain amplitudes,
Dy and D, - constants for given sand (determined from cyclic simple

shear experiments).

It is assumed that there is an analogy between the compaction in fully drained
conditions and the pore-pressure generation in the same soil but loaded in un-
drained conditions:

ng 1

®=—0, 3)

W= k(1 —ng) K*

where u = excess pore pressure (hydrostatic pressure is a reference level), x =
compressibility of the soil skeleton.

The second constitutive equation relates the deviators of the stress and strain
amplitudes tensors:

Tdev = (G + GZ‘/F)Edeu — ZGEdeU, (4)
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where p’ = p;, —u = mean effective stress, p; = initial mean effective stress, G;
and G, = parameters (experimentally determined).

Eq. (4) displays degradation of ‘generalized shear modulus’ G during the
pore-pressure generation, when the mean effective stress decreases. According
to this model, as u increases the cyclic strains also increase, as observed in exper-
iments. In the simplest interpretation, liquefaction occurs when p’ = 0.

2.2. Earthquake-Induced Stresses and Pore-Pressure
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Fig. 1. Propagation of shear waves and horizontal shaking of ground during earthquake

Fig. 1 illustrates a general situation of breakwater during earthquake. The main
exciting force, acting on seabed, is caused by horizontal cyclic acceleration of bed-
rock due to earthquake. As a result of this shaking, shear waves propagate upwards
inducing the cyclic shear stresses at each point of the soil stratum. Because of the
rather short duration of earthquake (42 seconds in the case of Kocaeli earth-
quake), there is no time for pore-pressure dissipation, and therefore undrained
conditions are justified. In the first approximation, the problem may be considered
as uni-axial, see ‘column’ of soil supporting the breakwater in Fig. 1. Distribution
of the shear stress amplitudes 7, assuming harmonic oscillations, is given by the
following differential equation:
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where:
Z=z/H — non-dimensional vertical co-ordinate;
H — depth of soil stratum;
P — density of soil-water mixture;
) - frequency of earthquake-induced acceleration;
Ep =103 —  strain unit;
po =10° N/m? — stress unit;
G - see Eq. (4).
The boundary conditions are the following:
w2 =1)=0, (7)
d T0 _ _ pHAo _
dZ(Z_O)— = up, (8)

where Ay = amplitude of bedrock acceleration.

Eq. (5) should be solved numerically, taking into account also Eqgs. (1)—(4),
using the finite differences method or another, as the mean effective stress, and
therefore the soil mechanical properties are non-uniformly distributed with depth.
As a result of computations, the changes of cyclic stress and strain amplitudes, as
well as changes of the effective stresses are obtained as functions of N, or the real
time ¢. Examples of computations are presented in already quoted references. It
should be mentioned that it is also possible to include into numerical procedure
the pore-pressure dissipation effects which relax purely undrained conditions, see
Sawicki and Swidzifiski (1989b).

According to the model presented, the processes of pore-pressure genera-
tion and liquefaction depend on few quantities which include the soil mechanical
properties (Dy, Ds, k, G) and the intensity of ground shaking (Ap). In the case of
partially undrained conditions, as well as in the analysis of pore-pressure dissipa-
tion after earthquake, the subsoil’s permeability & is also a key parameter.

In this paper, specific solutions of the system of governing equations will not be
discussed, as it has already been done, e.g. Sawicki and Swidziniski (1989a, b). What
is important is that we have some tools enabling estimation of pore-pressure gen-
eration and liquefaction in a saturated soil stratum during earthquake. A simple
numerical example illustrating the model of liquefaction is presented in Section 6.
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3. Model of Breakwater’s Behaviour

Assume the simplest model of breakwater possible, which is a rigid block resting
on cohesionless and weightless saturated subsoil. A plane problem is considered
which means that all resultant forces are related to 1 meter of length (perpen-
dicular to x, z plane). Fig. 2 shows the system: breakwater-subsoil in equilibrium
before earthquake.
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Fig. 2. Initial equilibrium of breakwater before earthquake

The distribution of initial stresses in subsoil can be determined using the
methods of soil mechanics. In this Section we shall follow the methodology of
soil plasticity, cf. Chen (1975). If the buoyant weight of breakwater P is large
enough, the subsoil loses its bearing capacity and fails according to the well-known
mechanism depicted in Fig. 3.

C D

Fig. 3. Classical mechanism of subsoil failure according to plasticity solutions
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It is important that just beneath a base of breakwater, a rigid wedge ACA’
which is formed moves downwards together with breakwater, pushing out the soil
from adjacent regions ACD and ADE (the problem is symmetrical with respect
to the z axis). In this extreme case, the resultant of soil reaction R’ acting on
wedge ACA’ (Fig. 2) is located on the friction cone, i.e. the following condition
is satisfied:

T'= N'tang = uN’, 9)

where: T'= component of R’ tangent to surface AC (and obviously to A’C due
to symmetry), N’ = component of R’ perpendicular to surface AC, ¢ = angle of
internal friction.

In stages preceding the subsoil’s failure, this resultant reaction should be loc-
ated within the friction cone, as shown in Fig. 2, which means that failure criterion
has not been reached on surfaces AC and A’C. This corresponds to working condi-
tions of well designed structure. As P = const, the breakwater’s subsoil is stable
under static loading conditions. In this paper, water-waves induced stresses in
seabed will be neglected for the sake of simplicity.

During the earthquake-induced pore-pressure generation, different scenarios
of subsoil’s behaviour are possible. In the case of ‘weak earthquake’, some
pore-pressures are generated in subsoil, but they are rather low to cause seri-
ous damage as, for example, sinking of breakwaters and other objects. In the case
of ‘strong’ earthquake, liquefaction of the subsoil takes place, which may lead
to minor or even serious damages of coastal structures. The distinction between
‘weak’ and ‘strong’ earthquake depends on its magnitude and duration. This prob-
lem is illustrated in Section 6.
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Fig. 4. Changes of subsoil reaction during pore-pressure generation

Fig. 4 illustrates changes of subsoil reaction during pore-pressure generation.
Point 1§ (initial state) corresponds to the initial equilibrium of breakwater, be-
fore eathquake. In this case, the effective resultant of subsoil reaction R’ is loc-
ated within the friction cone. Recall that the initial distribution of hydrostatic
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pore-pressures is treated as a reference level. At the beginning of pore-pressure
generation, the value of R’ and its inclination change, which corresponds to path
IS-F in Fig. 4. Point F corresponds to the situation when R’ reaches the friction
cone (Coulomb-Mohr failure criterion is satisfied). If the pore-pressure is still
generated, R will remain on the friction cone, but its value will be decreasing
(path FO in Fig. 4). Point 0 corresponds to subsoil liquefaction since R' = 0.

Fig. 4 also helps in understanding of what we mean by ‘weak’ or ‘strong’ earth-
quake. If a given earthquake produces excess pore-pressures causing changes of R’
which correspond to path IS-F, the breakwater will remain stable, as there do not
exist physical conditions enabling subsoil failure. Therefore, an earthquake which
generates pore-pressures not exceeding path IS-F may be regarded as ‘weak’ from
the view point of breakwater stability. Such physical conditions for possible failure
are created when R’ remains on the friction cone (path FO in Fig. 4). Possible
mechanism of failure, according to plasticity solutions, is shown in Fig. 3. During
this stage, probably some settlements of breakwater will take place, but there does
not exist a simple method which would enable estimation of these settlements.

Sophisticated elasto-plastic models of soils are of little practical value, at the
present stage of their development, for many reasons, cf. Bolton (2000), Kolymbas
(2000), Sawicki (2003a). The main point of these reasons is that most of these
models do not provide realistic predictions of strains, even for simple loading
paths realised in laboratory conditions, see Saada and Bianchini (1989), Sawicki
(2003b). The other important reasons are the following: difficult calibration of
these models, their complicated structure, expensive applications (finite element
analyses) which lead to uncertain results, etc. In the present paper, these pos-
sible plastic settlements of breakwater will be neglected in comparison with the
settlements resulting from sinking of breakwater in liquefied subsoil.

4. Regrouping of Effective Stresses in Subsoil

First, the initial subsoil’s reaction R’ will be determined. It is assumed that the
vertical stress imposed by buoyant weight of breakwater o2 is uniformly distributed
at its base, Fig. 5. The vertical component of reaction R’ can easily be determined
from elementary equilibrium, i.e. R, = P/2. The horizontal component of this
reaction R, will be determined from the assumption that the horizontal effective
stress beneath the foundation is given by the following relation:

o! = Koo, (10)

where Ko = coefficient of earth pressure at rest. Respective stresses acting on
surface element AC (see Fig. 5) are the following:

X =0 cos B, Z' = o, sin B, (11)
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Fig. 5. Simplified stress state at surface AC
where g = 45° — /2 and o, = ¢ at initial equilibrium. Therefore, we have

R=XL R =ZL, (12)

where L = B/2sin 8 = length of sector AC.
The normal and tangent components of subsoil reaction (see Fig. 2) are the
following:

N' = R, cos B + R, sin 8, (13)

T'=—R,sinB + R} cos B. (14)

At initial equilibrium, there is 7'/N' = tan ¢.
During the pore-pressure generation, the effective stresses change according
to the following relations:

o) =a’ —u, (15)

Z

o, = Kool — u. (16)
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The soil mechanics sign convention is applied, where compression is treated
as positive. The changes of effective stresses cause respective changes of subsoil’s
reaction, so Eqgs. (12) assume the following form:

R = (K(]O‘ZO —u)L cos B, (17)

R, = (¢ —u)Lsin B. (18)

Egs. (17) and (18) are valid until the condition (9) is reached, which corres-

ponds to point F in Fig. 4. Excess pore-pressure corresponding to this situation

can be determined from Egs. (9), (13), (14), (17) and (18). Explicit formula for
this pore-pressure is the following:

1-K
u=u" =o;[(sin2ﬁ+1(ocos2 ﬁ) —(——0)-

sin B cos ﬁ] =co;. (19)

Eq. (19) provides important information regarding possible, earthquake-induced
failure of breakwater. Such a failure would be impossible if the maximum
pore-pressure generated by earthquake umax < u*.

In the case of u = u*, resultant R’ is located on the surface of the friction cone,
which means that shearing resistance on surfaces AC and A'C has been reached.
Since that, some plastic deformations of subsoil are possible, but we neglected
them in the first approximation discussed in this paper. More important problem
is further generation of pore-pressure which does not change the direction of R’
but only influences its value (path FO in Fig. 4). Respective changes of R’ can be
calculated from a simple equilibrium shown in Fig. 6. The asterisk will be used to
distinguish values of respective resultants at point F (see Fig. 4).
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Fig. 6. Equilibrium of breakwater during pore-pressure generation, path F0 in Fig. 4

At the beginning of this stage, we have

R*cos B+ U*cos(B +¢) = P/2, (20)
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where U* = u*L = u*B/2sin 8 = resultant of excess pore-pressure. But there is
also:

(R’* 3 AR’) cos B+ (U™ + AU) cos (8 + ¢) = P2, 1)

where AR = increment of subsoil’s reaction, AU = increment of the resultant of
pore-pressure acting on surface AC. Simple manipulations lead to the following
relation:

AR = —AuB (cos 8 — sin B tan¢) = —E BAu, (22)

which shows how the resultant subsoil’s reaction decreases when additional
pore-pressure is generated. Subsoil’s liquefaction begins when

R =R*+ AR =0. (23)

Substitution of Eq. (22) into Eq. (23) gives explicit formula for the finite
increment of pore-pressure, corresponding to the onset of liquefaction:

1
Au = Au™ = EER’*. (24)
This is the second important result, as it shows that subsoil liquefaction begins
when the earthquake-induced pore-pressure reaches the value:

u=u"=u*+ Au*. (25)

After this, the pore-pressure cannot be generated, as the saturated subsoil
behaves macroscopically as liquid. At this moment, the conditions enabling sinking
of breakwater in a liquefied subsoil have been created.

S. Sinking of Breakwater
5.1. Governing Equations

In order to analyse breakwater settlements during subsoil liquefaction, let us con-
sider the simplest possible one-dimensional model, shown in Fig. 7. Liquefied soil
is treated as a mixture, characterized by unit weight:

Y = (1 —n) ys + nyy, (26)

where y; = unit weight of solid grains, y,, = unit weight of water.

The breakwater begins to sink in this heavy liquid when the resultant subsoil’s
reaction R’ =0, which is equivalent to vanishing of effective stresses. Vertical
movement of breakwater is measured from a level of seabed. The main forces
acting on breakwater are the following: Q = its own weight, S = added mass
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Fig. 7. Sinking of breakwater in liquefied subsoil

of adjacent water and mixture, W, = buoyancy in water, W, = buoyancy in li-
quefied subsoil, ¥ = ndz/dt = resultant of viscous damping forces, n = averaged
coefficient of viscosity. For the sake of simplicity it is assumed that:

Wi = y (H1 —2) B, (27
Wi = ymzB, (28)

B d’z _ B d%
§= “ZE[VH,Hl + (Y — }/w)Z]d—ﬁ = E)’lem- (29)

Basic newtonian mechanics leads to the following differential equation de-
scribing the vertical motion of breakwater:

d%z dz

s = = 30

-7 Targ +axz Is (30)
where
ng gB (ym — Yw) 4 (Q — BHiyw)
= i) =— = —, = H,,2.
! 0+as . Q+az ' f Q+as as = Byl
The following are the initial conditions:
dz

z=0)=0, U(t:(}):a(t=0)=0 (31)

The solution of the problem defined by Eqs. (30) and (31) is the following:

f At Aat f

2= ——+— (hpe*t — A1e*¥) + =, 32

(M—kz)az(2 1) a2 32)
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i == dz _ f)\.])\.z
Tdt T (v —Adan
where 1) and Ay are roots of the following characteristic equation:

(e —e*¥), (33)

A 4aph4a;=0. (34)

It is assumed that these roots are real, hence the following inequality holds:

A =a} —day >0, (35)

In the case of A <0 or A =0, the shape of the general solution is different,
but in this paper we shall not discuss this problem, already described in mathem-
atical textbooks, cf. Goering (1967). The above equations are valid only during
the period of subsoil liquefaction which depends on earthquake magnitude and
duration, subsoil properties, etc.

5.2. Viscous Damping Force and Elementary Analysis of Sinking

In the previous section, the resultant of viscous damping forces V" was introduced,
which is very important part of Eq. (30). This force is the resultant of very complex
interactions between the sinking body and surrounding medium. In a general case,
such a problem of hydrodynamics has not been solved yet, so therefore some
engineering estimations of such a behaviour will be presented.

The first assumption deals with mechanical properties of liquefied soil, which
is a mixture of solid grains suspended in water. Such a mixture may be considered
as a macroscopically viscous ‘heavy’ fluid, the properties of which depend on
the concentration of solid particles, see Sumer and Fredsoe (2002). According to
them, the kinematic viscosity of liquefied soil is v = 400 m?/s, which is equivalent
to the dynamic viscosity . = vg = 0.7 x 10% Ns/m?. There is a lack of information,
whether it is a precise number, common for all types of granular soils, or it is
only some rough estimate of viscosity. Anyway, it is important that the order of
magnitude of this essential coefficient is known.

The second assumption deals with the mechanism of sinking, which is also
an important factor enabling estimation of the viscous damping force. Little is
known about such a mechanism, so for the sake of consistency of the method
of analysis introduced in this paper, assume that the wedge A'CA (see Figs. 2, 5
and 6) sinks together with a block. The viscous damping force is the resultant of
shearing stresses acting on the edges A'C and AC, and on submerged sides of a
breakwater. Elementary calculations lead to the following expression:

2 2
V=;J,|:BCOS B +22]a’z ~ , g% Bdz _ dz (36)

sin 8 a M sin 8 dr = ar
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The second, non-linear term on the RHS of Eq. (36) was neglected as it is
nearly of the order of magnitude smaller than the first term, at least for typical
data (cf. Section 6).

Note that a structure of Eq. (36) is similar to that describing the viscous
damping force of a spherical particle in fluid:

dz
fo = 6mrp—r, (37)
where r = radius of a particle, see Egs. (15.6)—(15.8) in Puzyrewski and Sawicki
(1987), after some re-arrangements.

It is also interesting to consider a more elementary analysis of the problem of
sinking than that presented in Section 5.1, assuming that the inertia forces can be
neglected in Eq. (30) in comparison with the other members of this equation. At
first look, such an assumption may seem intuitive, but numerical analysis shows
that, for the data considered, it gives practically the same results as Eq. (32). This
simplified solution is of the following form:

- £[1 —exp (—Z—izﬂ (38)

6. Examples
6.1. Initial State

It is assumed, for illustration, that breakwater is constructed as a reinforced con-
crete box filled with sand. Respective dimensions are the following: Hy = 11 m,
B =9 m,h =9m, see Fig. 2. The average unit weight of a block is y = 0.18 x 10°
N/m?. Therefore, the submerged unit weight P = (9 x 11 x 0.18 — 9 x 9 x 0.1) x
1 x 105 = 9.72 x 10° N, and the vertical stress at the base is o.? = 1.08 x 10° N/m?.
Assume also: ¢ = 33° and Kj = 0.45, which correspond to medium dense sand.

Components of initial subsoil reaction R are the following (see Eqs. 12-14):
R = 4,028, R = 4.856 or N} = 5.86, T; = 2.35, all in unit 10° N. Here, super-
script/subscript ‘0’ distinguishes the initial state just before earthquake, and su-
perposed prime ()’ denotes effecive reaction. There Tj/N; = 0.4 < 0.649 = tan g,
which means that the breakwater’s subsoil is stable.

6.2. Beginning of Subsoil Failure

The beginning of subsoil failure is initiated at point F in Fig. 4, where the respect-
ive condition for plastic failure is achieved. This point corresponds to average
excess pore-pressure, generated by earthquake, u* = 0.2376 x 10° N/m? (Eq. 19).
Respective components of subsoil’s reaction can be determined from Egs. (17)
and (18): R. =2.059 x 10° N, R, = 3.791 x 10° N. If a given earthquake gener-
ates maximum pore-pressure less than u*, the breakwater remains stable. Assume
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that this earthquake is strong enough, and additional pore-pressure is generated
(path FO in Fig. 4).

6.3. Onset of Liquefaction

Path FO in Fig. 4 corresponds to decreasing values of R’ which remains on the
surface of the friction cone. As already mentioned, some plastic settlements are
possible along this path, but we neglect them in the first approximation. The
subsoil’s liquefaction begins when R’ = 0 which corresponds to point 0 in Fig. 4.
The finite pore-pressure increment corresponding to the onset of liquefaction is
given by Eq. (24). For our data we have: Au** = 0.8424 x 10° N/m? and u** =
1.08 x 10° N/m? = ¢? (Eq. 25). This means that the breakwater is supported by
‘heavy fluid’, and the conditions for its sinking have been created.

6.4. Sinking of Breakwater

Eqgs. (32) and (33) describe respectively vertical displacement and velocity of
the breakwater during sinking in liquefied subsoil. Unit weight of this mix-
ture is the following: ym = [(1 — 0.35) x 0.265 4 0.35 x 0.1] x 10° = 0.207 x 10°
N/m?, where porosity was assumed n =0.35 and unit weight of soil grains
vs = 0.265 x 10° N/m>. The averaged coefficient of viscosity of liquefied mixture
is n = 10.2 x 10 Ns/m?, Determination of this coefficient in laboratory conditions
would be an interesting research task.

Coefficients appearing in Eq. (30) are the following: a; = 43.96, a; = 0.4149,
f = 3.4122. After 4 seconds, the settlement of breakwater is 0.32 m, and after
16 seconds it approaches 1.22 m, which is a realistic result. For example, it is
known that the breakwater in Eregli Fishery Port had settled some 1.5 m during
the Kocaeli earthquake, see Yuksel and Ozguven (2002).

After the assumed duration of subsoil’s liquefaction, its resolidification takes
place and Eqs. (32) and (33) are not valid. The processes taking place during this
phase are not well understood or described, so we shall not attempt to analyse
this problem in the present paper.

6.5. Estimation of Earthquake-Induced Subsoil Liquefaction

Up to this point, we have not linked directly the breakwater’s behaviour with
any concrete earthquake. In Subsection 6.2, the average earthquake-induced
pore-pressure u* = 0.2376 x 10° N/m?, corresponding to initiation of subsoil’s
failure, was calculated. Example presented in Subsection 6.3 shows that the onset
of subsoil’s liquefaction, for assumed data, corresponds to u = u** = 1.08 x 10°
N/mZ. Then, in Subsection 6.4, we calculated breakwater settlement during subsoil
liquefaction, assuming arbitrarily its duration as 4 seconds.
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Consider now the processes of pore-pressure generation and liquefaction due
to some hypothetical earthquakes. The method of analysis of subsoil behaviour
during earthquake is outlined in Section 2. This method will be simplified for the
sake of illustration. Consider a representative soil element just beneath breakwa-
ter, assuming that distribution of stresses does not vary with depth cf. Figs. 1 and
8. Therefore, we do not have to solve the system of equations (5)-(8), but we
shall consider averaged subsoil behaviour.

0-0
4

i “' 0_ ~0
—>l T(— a, —KOUZ

T

Fig. 8. Representative soil element beneath breakwater, cf. Fig. 1. Cyclic shearing during
earthquake

Such element will be subjected to cyclic shearing due to earthquake. The cyclic
shear stress amplitude 7 can be related to the amplitude of horizontal ground
acceleration Ay and to the vertical stress azo, see Ishihara (1996):

0 = ﬂaf =aol. (39)
g8

Assume also a simple, harmonic in time, earthquake history, characterized
by maximum number of uniform cycles Nmax = 20 with given amplitude 4y and
period T = 1 second. This means that duration of earthquake is 20 seconds. In
the case considered, Egs. (1)-(4) reduce to the following differential equation
describing the pore pressure generation:

du Artd
an [Gl + Gz\/o'zﬁ = u]

where: A; = Dy /4k*, Ay = Dyx™, v = Eq.(39).

In numerical calculations, the stress unit 10° N/m? will be applied. For ex-
ample, u = 1 means that the real value of pore-pressure is 1 x 10° N/m?. Such
a convention is very useful, cf. Morland and Sawicki (1983). The following data
(in respective units according to assumed convention), corresponding to medium
dense sand, are assumed to be: k =2, D) =1.74, D, =0.115, G; =0.05, &>
= (.65, see Sawicki (1991). The other data have already been presented. Eq.
(40), with the initial condition u(N = 0) = 0, has been numerically integrated for

5 exp(—Aau), (40)



A Simple Model of Sinking of Breakwater due to Earthquake-Induced ... 397

a = 0.2 (medium earthquake) and o = 0.4 (strong shaking corresponding to the
Kocaeli earthquake).

Medium Earthquake

Fig. 9 shows pore-pressure generation during medium earthquake. The max-
imum pore-pressure generated after 20 loading cycles is u(N=20)=0219 <
u* = 0.238 (recall respective unit!). This means that the ground motion is not
strong enough to cause even some plastic settlements of breakwater, so it will
remain stable during a medium earthquake.

0.25 -
ut=0,238 7 ‘ ;

02

0.15
u

0.1 .

0.05 -

0 % 5 10 15 20 25

Fig. 9. Pore-pressure generation during medium earthquake

Strong Earthquake

Fig. 10 shows shows pore-pressure generated during a strong earthquake,
which roughly corresponds to the Kocaeli conditions. The pore-pressure is more
quickly generated than in the previous case. Just after the 6th cycle, some plastic
deformations may occur. Subsoil liquefaction takes place after 16 cycles (16
seconds) and it is the beginning of sinking of the breakwater. Just 4 seconds
of subsoil liquefaction is sufficient for nearly 32 cm settlement, calculated in Sub-
section 6.4. Note that earthquake-induced pore-pressure cannot exceed the value
of u**. After the earthquake, the subsoil resolidification takes place.
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Fig. 10. Pore-pressure generation during strong earthquake
7. Conclusions

This paper is mainly of practical importance, as it shows how to simply estimate
the breakwater behaviour when earthquake-induced phenomena take place in
subsoil. The model of breakwater is based on simple mechanics, which should be
attractive for engineers. The model needs determination of minimal possible set of
parameters, which is also attractive from the practical point of view. It was shown
that predictions of the model are quite realistic. The model proposed also enables
understanding of processes which take place in coastal zone during earthquakes. It
can also be applied to other phenomena which may take place during earthquake
as, for example, sinking of buildings, piers, etc. Enclosed examples show how to
deal practically with the model, and which parameters have to be determined.
Some new research directions have also been pointed out. Most important of
them is the detailed analysis of viscous properties of liquefied soil, as well as the
study on damping forces during sinking.
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