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a b s t r a c t

The assessment of the wave-induced soil liquefaction plays a key role in the geotechnical design for
offshore foundations. The underlying shortcomings of the existing momentary liquefaction criteria are
identified and clarified by mechanism analyses and the recent field observations. A modified criterion
for the wave-induced momentary liquefaction of a sandy seabed is given to describe the vertical pore-
pressure distributions. An improved approximation of the momentary liquefaction depth is further
presented. Parametric study of the effects of the saturation degree of soils indicates that this modification
is significant for the evaluation of wave-induced momentary liquefaction.

© 2015 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
c

Liquefaction is the act or process of transforming any substance
into a liquid. In the offshore environments, soil liquefaction may
occur and the soil particles would become unbound. The resulting
loss of the soil strength could produce catastrophic consequences,
such as sinking and floatation of pipelines, failure of breakwater,
and instability of offshore foundations. Thus in offshore engineer-
ing practices, the occurrence of soil liquefaction and its effect on
the structures should be well assessed.

Based on the observations in laboratory experiments and field
measurements, two mechanisms for wave-induced pore-pressure
response have been identified [1], which are oscillatory pore-
pressure and residual pore-pressure. Soil liquefaction can be gen-
erated by either the oscillatory or residual pore-pressure with
differentmechanisms. Oscillatory pore-pressure is found to propa-
gate into seabed with certain damping and phase lag. At the wave-
trough phase, wave-induced pore-pressure exerts an upward
seepage force onto the particles and can momentarily liquefy the
sandy soils if the seepage force is larger than the submerged
weight of the soil particle [2,3]. Residual pore-pressure refers to the
build-up of excess pore-pressure caused by contraction of the soil
under the action of cyclic wave loading similar to the earthquake-
induced pore-pressure accumulation. Under the continuous ac-
tion of the cyclic wave loading, the excessive pore-pressure may
build up gradually and the soil is liquefied when the residual pore-
pressure exceeds the effective overburden pressure.
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Much attention has been devoted to calculating the pore-
pressure response and deducing the liquefaction depth, mostly
based on Biot’s theory for poro-elastic media [4]. Some approx-
imations for the prediction of wave-induced liquefaction po-
tential have been previously proposed for engineering practice
[2,5,6]. However, some underlying shortcomings of the momen-
tary liquefaction criteria still remain, which could generate unrea-
sonable results in assessing the momentary liquefaction depth. In
this study, the pore-pressure based liquefaction criteria are dis-
cussed and someunderlying shortcomings are clarified. Amodified
momentary liquefaction criterion is proposed and pore-pressure
distribution is calculated correspondingly, which provides a sim-
ple approximation of momentary liquefaction depth.

An appropriate liquefaction criterion is crucial to evaluation of
the liquefaction depth of soils under the wave loading. The crite-
rion commonly adopted for residual liquefaction is [7] pres = σ ′

v0,
where pres represents the residual pore-pressure and σ ′

v0 denotes
the initial vertical effective stress,which can be calculated byσ ′

v0 =

γ ′z. Here γ ′ is the submerged unit weight of the soil and z is the
soil depth. This criteria for residual liquefaction can be easily com-
prehended by viewing the balance of forces acting on the liquefied
soil layer during the event.

Regarding momentary liquefaction, Jeng [8] summarized three
kinds of pore-pressure-based criteria. It is concluded that the
liquefaction criteria based on the concept of effective stress [9,10]
would not be applicable due to inaccuracies in determining the
effective stress at shallow soil depth. A liquefaction criterion was
ever suggested by Zen and Yamazaki [11] for the two-dimensional
(2-D) case:

σ ′

v0 ≤ p − Pb (1)
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Fig. 1. Distribution of pore-pressure response and definitions of momentary liquefaction depths: (a) employing Eqs. (1) and (2); (b) employing Eqs. (3) and (12)
(z1: liquefaction depth calculated with Eq. (2), z2: liquefaction depth calculated with Eq. (1), zL: liquefaction depth considering the redistribution of pore-pressure in the
liquefied soil).
where Pb is thewave pressure at the seabed surface (negative value
at wave trough phase), p is the wave-induced oscillatory pore-
pressure in the soil.

The physical nature of the momentary liquefaction is the van-
ishing of the contact between the soil particles due to the seep-
age force resulting from the pore-pressure gradient along the soil
depth.When the soil is liquefied, the vertical seepage force exceeds
the submerged weight of the soil particles [12]. Accordingly, an-
other criterion for momentary liquefaction was proposed by Xu
et al. [13] as:

γ ′
≤ jz (2)

where jz = dp/dz (pore-pressure vertical gradient) is the seepage
force acting on the soil skeleton.

Figure 1(a) gives the distribution of the pore-pressure response
calculated fromelastic solution [14]. The distributions of the excess
pore-pressure p and the vertical effective stress σ ′

v are also shown
to illustrate the momentary liquefaction depth. The liquefaction
depth determined with Eq. (1) (z2 in Fig. 1(a)) is not equal to
that determined with Eq. (2) (z1 in Fig. 1(a)), as obviously shown
in Fig. 1. The liquefaction criteria expressed with Eq. (1) are not
equivalent to that expressed with Eq. (2). This is due to the fact
that Eq. (1) cannot be derived by directly integrating Eq. (2) from 0
to z2, and Eq. (2) is essentially an inequality rather than equality.

When the liquefaction criterion expressed with Eq. (1) is
adopted, the soil particles located fromdepth z1 to z2 are practically
in a partially-suspended state but not fully liquefied because Eq.
(2) is not satisfied (see Fig. 1(a)). Thus, the liquefaction depth
determined with Eq. (1) is inaccurate. If the liquefaction criterion
expressed with Eq. (2) is employed, the soil particles located from
depth 0 to z1 will be in an over-suspension state, and a resultant
upward movement would be expected because a vertical net force
would be exerted (γ ′

≤ jz , see Fig. 1(a)). Nevertheless, once the
soil have been liquefied, it will behave like a fluid and thus nomore
excess pressure gradient can be sustained in it except the essential
one (seepage force) for maintaining the soil liquefied. Thus the
over-suspension state of the soil particles located from depth 0 to
z1 is unlikely to occur.

In a field study of momentary liquefaction, Mory et al. [3] ob-
served that the pressure difference between two pore-pressure
sensors located at the mudline (z = 0) and the depth of z = 0.3 m
below mudline did not typically exceed the critical value for liq-
uefaction to occur (breaking the static equilibrium of the sedi-
ment layer contained between two sensors) during all the recorded
momentary liquefaction events. The explanation provided is that
when momentary liquefaction occurs liquefaction produces a di-
lated suspension and the pore-pressure is rapidly adjusted to the
value on top of the soil. This observation provides some evidence
for the conclusion that the over-suspended state of the soil parti-
cles in the liquefied layer is not likely.

According to the aforementioned discussion and the field ob-
servation of pore-pressure distribution in the liquefied layer, it can
be reasonably assumed that the soil particles in the liquefied layer
should be in an exact suspended state (neither over-suspended nor
partially-suspended). Thus following conditions should be satis-
fied at any position in the momentary liquefaction soil layer

σ ′

v0 + Pb − p = 0 (0 ≤ z ≤ zL) (3a)

γ ′
− jz = 0 (0 ≤ z ≤ zL) (3b)

where zL is the depth of the actual liquefaction soil (see Fig. 1(b)). In
fact, Eqs. (3a) and (3b) are equivalent, and Eq. (3a) can be derived
by directly integrating Eq. (3b) from 0 to zL. Under this assump-
tion, the liquefied soil acts like a heavy liquid and there is no extra
pressure gradient in this liquid.

Below the liquefied soil layer, the pore-pressure distribution
can be described on the basis of poroelastic solutions [14]. It was
pointed out by Zen and Yamazaki [15] that for the case of relatively
long waves wave–seabed interaction can be analyzed with a one-
dimensional (1-D) approach because, under the action of long pe-
riod waves, the flow and deformation in the horizontal direction
are typically negligible because the steepness of the wave is rel-
atively low. Chowdhury et al. [16] also showed that the 1-D so-
lution of pore-pressure can reasonably be used for the purpose of
momentary liquefaction analysis of the seabed under waves, par-
ticularly under shallow water wave condition. For 1-D analysis of
wave-induced seabed response, Chowdhury [17] presented the fol-
lowing governing differential equations by assumingpore fluid and
soil mass both to be compressible and adopting Darcy’s law

1
mv

+
1
nβ


∂2u
∂z2

−
1
nβ

∂2w

∂z2
= 0 (4a)

∂2u
∂z2

−
∂2w

∂z2


= −

γ nβ
ks

(iω) w (4b)

wheremv =
1
E


1 −

2ν2
1−ν


is the volumetric compressibility of soil,

E is the soil elastic modulus, ν is the Poisson ratio of the soil, n
is the soil porosity, β =

1
K ′ is the compressibility of pore water,

K ′


1
K ′ =

1
K +

1−Sr
P0


is the apparent bulk modulus of pore-water,

K is the true bulk modulus of water, Sr is the degree of saturation,
P0 = γ h is the absolute hydrostatic pressure, γ is the unit weight
of the water, h is the water depth, u denotes the displacement of
soil skeleton, w denotes the displacement of pore water, ks is the
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Fig. 2. Comparison of 1-D and 2-D solutions of maximum pore-pressure response
under waves.

coefficient of permeability, i is the imaginary number, ω = 2π/T
is the angular frequency of the wave.

Corresponding boundary conditions are adopted as follows
at z = 0:
∂u
∂z

= 0 and p = p0 exp (iωt) (5a)

at z = d:

u = 0 and w = 0 (5b)

where p0 =
γH

2 cosh(λh) is the amplitude of wave-induced pressure at
the surface of the seabed, H is the wave height, λ = 2π/L is the
wave number, L is the wave length, and d is the soil depth.

A simple closed form solution of pore-pressure under the 1-D
approximation developed by Chowdhury [17], according to Eqs.
(4)–(5), is:

p = p0


B + (1 − B)

exp (−az) + exp (−2ad) . exp (az)
1 + exp (−2ad)


× exp (iωt) (6)

where a =


ω
2Cv

and B =
1

(1+nβ/mv)
are two coefficients, Cv =

ksB
mvγ

is the coefficient of consolidation of soil. The term exp (−2ad)
is neglected for the case of large soil layer thickness, and the
following expression for p is obtained

p = p0 [B cos (ωt) + (1 − B) exp (−az) cos (ωt − az)] . (7)

Figure 2 shows the comparison of analytical results from 1-D (Eq.
(8)) to 2-D [14] solutions for a typical wave–seabed interaction
problem. It is shown that the pore-pressure distributions using 1-D
and2-D analyses are reasonably close to each other near the seabed
surface, although there exists slight divergence with depth.

The momentary liquefaction depth can be estimated according
to the aforementioned assumed pore-pressure gradient distribu-
tion in the liquefied layer represented by Eq. (3b) and the pore-
pressure distribution below the liquefied layer represented by fol-
lowing expression (see Fig. 1(b))

p = p′

0


B cos (ωt) + (1 − B) exp


−az ′


cos


ωt − az ′


(8)

where p′

0 = p0−γ ′zL, and z ′
= z−zL. At z = zL (z ′

= 0, interface of
the liquefied and un-liquefied soil layers), the following condition
must be satisfied

dp/dz ′

z′=0 = γ ′. (9)

The left term of Eq. (9) can be obtained from Eq. (8) by

dp/dz ′

z′=0 = a (1 − B)


p0 − γ ′zL


[sin (ωt) − cos (ωt)] . (10)
Substituting Eq. (10) into Eq. (9), the liquefaction depth zL can be
written as

zL =
p0
γ ′

−
1

a (1 − B) [sin (ωt) − cos (ωt)]
. (11)

Under the wave trough phase, putting ωt = π into Eq. (11), the
maximummomentary liquefaction depth can be expressed as

zL =
p0
γ ′

−
1

a (1 − B)
. (12)

Figure 3 shows the vertical distributions of maximum wave-
induced change of vertical effective stress |Pb − p|, vertical
effective stress σ ′

v0 and seepage force dp/dz at wave trough phase
for a set of typical wave parameters and soil properties. The results
in Fig. 3(a) are produced by directly employing Eq. (7), while those
in Fig. 3(b) are obtained by estimating the liquefaction depth with
Eq. (12) and then calculating the pore-pressure response below
the liquefied layer using Eq. (8). It is found that under the present
modification, the updated liquefaction depth using Eq. (12) is
smaller than that from Eq. (1) and larger than that from Eq. (2)
(z1 < zL < z2). It is also clearly shown in Fig. 3(b) that the
balance of either the soil particles in the liquefied layer or the
whole liquefied layer is satisfied (see Eq. (3)).

The saturation degree of the soil may have effect on the pore-
pressure distribution and the resultant momentary liquefaction
depth. The large pressure gradient in the case of unsaturated soil
is caused by the air/gas content of the soil. Only a very small
amount of gas (less than 1%) can cause very large dissipation of the
pore-pressure over the depth and thus resulting in an increased
likelihood of liquefaction [9]. Previous studies suggested that an
air content of up to 3%–5% may typically be present in the pores
of many seabeds [18], implying a somewhat higher potential for
momentary liquefaction than the idealized case of a saturated
seabed.

The variations of the maximum momentary liquefaction depth
with Sr adopting original pore-pressure distribution and corre-
sponding criteria (Eqs. (1), (2), and (7)), and the improved ap-
proximation (Eq. (12)), are shown in Fig. 4 for a typical set of the
other soil parameters and wave conditions. The results show rela-
tively large differences. The momentary liquefaction depth adopt-
ing the improved approximation generally locates in between of
those from the criteria expressed with Eqs. (1) and (2). A signifi-
cant decrease of momentary liquefaction depth is indicated with
the increase of Sr for the range of 0.98 < Sr < 0.993. For the con-
dition of Sr < 0.98, the values of the liquefaction tend to be stable.
For a nearly saturated soil, momentary liquefaction rarely occurs.

Momentary liquefaction usually occurs in the upper layer of
the sandy seabed. The maximum momentary liquefaction depth
generally does not exceed half of the wave height [2]. Therefore, it
usually has much influence on the shallowly embedded structures
(e.g. submarine pipelines). In the on-bottom stability design of
submarine pipelines, an appropriate estimation of liquefaction
susceptibility is crucial to determining the required burial depth
to avoid the sinking/floatation of pipelines [16,19]. The present
updated approximation of momentary liquefaction depth may
provide a more reasonable evaluation for the stability of such
submarine structures.
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Fig. 3. Vertical distributions of |Pb − p|, σ ′

v0 and dp/dz: (a) using Eq. (7); (b) using Eqs. (8) and (12). (Wave parameters: h = 10 m, T = 8 s, H = 3 m; soil properties:
ks = 1 × 10−4 m/s, E = 30 MPa, γ ′

= 8.82 kN/m3 , Sr = 0.98, n = 0.45, ν = 0.3.)
Fig. 4. Comparison of the variations of the maximum momentary liquefaction
depth with Sr employing different liquefaction criteria. (Wave parameters: h =

10 m, T = 8 s, H = 3 m; soil properties: ks = 1 × 10−4 m/s, E = 30 MPa,
γ ′

= 8.82 kN/m3 , n = 0.45, ν = 0.3.)
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