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Abstract: Vacuum preloading combined with prefabricated vertical drains (PVDs) has the potential
to improve the soft sediments under water, however, its development is partly limited by the
unclear understanding of the mechanism. This paper aims to extend the comprehension of the
influential mechanism of overlapping water in the scenario of underwater vacuum preloading with
PVDs. The systematic investigations were conducted by small strain finite element drained analyses,
with the separated analysis schemes considering suction-induced consolidation, seepage and their
combination. The development of settlement in the improved soil region and the evolution of seepage
flow from the overlapping water through the non-improved soil region into improved zone are
examined in terms of the build-up of excess pore pressure. Based on the results of numerical analyses,
a theoretical approach was set out. It was capable to estimate the time-dependent non-uniform
settlement along the improved soil surface in response to the combined effects of suction-induced
consolidation and seepage. The difference of underwater and onshore vacuum preloading with
PVDs is discussed with some practical implication and suggestion provided.

Keywords: vacuum preloading; prefabricated vertical drains; consolidation; seepage; non-uniform
settlement; overlapping water

1. Introduction

The recent development of marine resources has increased the need for engineers
to improve the soft sediments under water. It is expected to be applied prior to the
construction of marine structures, such as offshore foundations, cofferdams, wharfs, etc.,
ensuring a desirable margin of safety against the design loadings during service.

Vacuum preloading combined with prefabricated vertical drains (PVDs) is now the
commonly employed ground improvement technique suitable for soft deposits to accelerate
the dissipation of pore pressure resulted in an earlier settlement and a gain in undrained
shear strength [1–3]. In the intertidal areas, several successful engineering practices have
shown their validity and economy in improving the submarine soil [4–7]. In the deeper
water, attempts have been seldom reported except for the pilot test at the water depth of
10 m performed by [8]. Yet, the success has proved the feasibility of underwater vacuum
preloading, and it would be more competent with the advance of vacuum process.

Much research related to the vacuum preloading or combined with PVDs have been
conducted, with the focus on the drainage behavior in the soil region required to be
improved. The responses of pore water pressure, settlement, lateral displacement, consol-
idation rate and etc., were of great concerns in the study, where many influence factors
were considered and investigated. They included anisotropy of permeability [9–11], perme-
ability degradation [11–16], discharge capacity of drain [17–21], well resistance [13,22,23],
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drain spacing [12,24], large strain [3,25], and so forth. These provided the increasing com-
prehensions of vacuum preloading with PVDs mechanism, and facilitated its development
in the underwater application.

Toward the problem of underwater vacuum preloading, the soil necessary to be
treated was covered by a certain depth of water (i.e., overlapping water), which was the
main difference between onshore and offshore vacuum preloading. The overlapping water
was thought to be an additional preloading [25–28] for the improved soil region during
underwater vacuum preloading. In fact, this additional loading can also be understood
from another aspect. The existence of overlapping water allowed the suction head (or
measured excess pore pressure) larger than 100 kPa, that is an atmosphere pressure, to
be achieved in the underwater vacuum preloading [8], although it is dependence of the
capacity of submerged pump to do more work as to overcome the seabed water pressure
of overlapping water. However, the overlapping water not only acted as a beneficial
factor to increase consolidation settlement and thus soil strength, but possibly led to some
unexpected problems, such as inefficiency of consolidation and larger post-construction
settlement [29]. It is because the high suction head potentially induced seepage flow from
the overlapping water through the soil domain into the improved soil zone [25,26].

While the general process of underwater vacuum preloading with PVDs is well recog-
nized, interpretation of its mechanism has not been addressed adequately. In particular,
the combination of consolidation and seepage mechanisms due to the existence of over-
lapping water is still not well understood, such as the influential region, magnitude, and
duration of seepage. Considering these, the aim of this study is therefore to investigate the
influential mechanism of overlapping water and interpret the counteraction mechanism of
consolidation and seepage in the scenario of underwater vacuum preloading with PVDs,
and develop a method to predict the contribution (perhaps negative) of seepage on the
consolidation settlement.

The organization of this paper is as follows. First, a suite of finite element (FE) drained
analyses were implemented including three schemes of suction-induced consolidation,
seepage, and their combination. The responses of both improved soil and non-improved
subsoil were included. Throughout these three analyses scenarios, the evolution of set-
tlement along the top surface of improved soil region with the build-up of excess pore
pressure was examined and compared to explore the influential mechanism of seepage
underwater vacuum preloading. Second, a method was proposed underlying the consol-
idation mechanism combined with seepage, to predict the settlement response through
the entire duration of underwater vacuum preloading and through the entire improved
soil region. Finally, this paper concluded with discussion of some practical implications
and suggestions by the comparison of responses in different water depths or durations of
applied vacuum.

2. Finite Element Modelling

The coupled small-strain FE analyses were carried out with the commercially available
software ABAQUS (ver. 6.10, accessed on 10 January 2011) [30], since it is particularly
well-suited to simulate the seepage and consolidation scenarios in the geotechnical field.

2.1. Model Description

The soil region necessary to be improved with a breadth-to-height ratio B/H was
considered in the simulation of underwater vacuum preloading. In practice, a layer
of impermeable membrane is equipped with a group of prefabricated vertical drains
(PVDs) into the improved soil for a stable suction during the vacuum preloading process.
To represent field condition, the improved soil region was first partitioned horizontally,
yielding a very thin top layer with the thickness of 0.1H prescribed to be weightless and
impermeable. Then, the several vertical partitions were applied with the spacing ratio of
b/B (here, according to other literatures [31,32], b was taken as 1 m in the entire simulations)
and prescribed to be permeable, representing the arrangement of PVDs. For a given depth
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of overlapping water h on the soil, the linearly increasing hydraulic pressure was specified
by the field variables of PORE in ABAQUS through the soil domain. Meanwhile, to
represent the contribution of overlapping water to improving soil, an additional suction
head −hadd was introduced and superposed in the reference suction head −hv,ref. In this
study,−hv,ref was taken as−8.5 m associated with a reference negative pressure of−85 kPa,
referred to an vacuum loss in practice [33,34]. hadd should not be larger than h, and the
equivalent suction head −hv = −(hv,ref + hadd) corresponds to the required water head of
submerged pump. For instance, when the lowest water depth h (note, the proper capacity
of submerged pump is assumed to be adopted according to the lowest astronomical tide
level, hence the change in water depth does not influence the magnitude of suction) is equal
to 10 m, associated with the condition of lowest water sea level, the maximum equivalent
suction head assigned to the PVDs’ nodes can be taken as −18.5 m corresponding to a
negative pressure of −185 kPa.

An example of a finite element model with B/H = 1 in this study is shown in Figure 1
with total elements of 16,940. The soil was represented as deformable body with first-order
full integration stress–pore fluid continuum elements (ref. type CPE4P, in the standard
ABAQUS library). Noted that, two-dimensional (2D) FE analyses were carried out with
the configuration of multi-drains, considering a similar response of settlement from plain
strain and three-dimensional (3D) analyses [35,36]. The sensitivity study of mesh density
was implemented to ensure a computationally efficient mesh and satisfactory accuracy.
The whole soil domain had a breadth of 11B and a depth of 5H beneath the improved
soil region to ensure a negligible boundary effect. The base of mesh was fixed while the
lateral boundary was given to the horizontal displacement. The configuration (drainage
and freedom boundary) of surface at the top of soil domain aside the improved soil region
differs from analysis scenarios, and more details is described in the Section 2.3.
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Figure 1. FE model with boundary condition and mesh technology.

2.2. Soil Parameters

The soil was prescribed as a homogenous, isotropic, and linearly elastic half space
with Biot consolidation theory allowing the stress-pore fluid coupling. Therefore, only two
elastic parameters, Young’s modulus E and Poisson’s ratio ν, were defined through the anal-
yses. However, the anisotropy of permeability was considered with the ratios of horizontal
to vertical permeability kh/kv = 1, 2, and 3 in accordance with other literatures [28,37–39].

Although the magnitude of ν can affect the consolidation behavior, e.g., the higher the
Poisson’s ratio, the faster the consolidation and lower consolidation settlement [40,41], such
effect is limited [41,42] in a practical range of drained Poisson’s ratio 0.1 ≤ ν ≤ 0.3. Here,
according to the study from other literatures [2,39,43], ν was taken as 0.3 and a typical
value of one-dimension compressive modulus Es = 2.74 MPa [5,43] was adopted in this
study. These represent the nature of the typical marine clay, especially at the shallow depth
in the seafloor [39,43].
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The elastic Young’s modulus E can be captured by

E = Es
(1− 2ν)(1 + ν)

1− ν
, (1)

The value of vertical permeability kv = 1.16 × 10−10 m/s was chosen [43], so the
operative consolidation coefficient cvh is

cvh =
kE
γw

1− ν

(1− 2ν)(1 + ν)
, (2)

where, k is the effective permeability of soil, defined by

k =
√

kvkh (3)

All parameters relevant to the drained analysis in this study are illustrated in Table 1,
and all the values were taken according to other literatures [2,5,28,37–39,43,44].

Table 1. Soil parameters for numerical study.

Soil Property Parameters Values

Submerged unit weight of soil, γ′ (kN/m3) 6
Unit weight of water, γw (kN/m3) 10
One-dimension compressive modulus, Es (MPa) 2.74
Young’s modulus, E (MPa) 2.04
Poisson’s ratio, (-) 0.3
Vertical permeability, kv (m/s) 1.16 × 10−10

Vertical consolidation coefficient, cv (m2/s) 3.17 × 10−8

2.3. Scope and Loading Conditions

Three types of simulation schemes were implemented to examine the effects of con-
solidation and seepage on the soil settlement due to the existence of overlapping water in
the process of underwater vacuum preloading. The top surface of soil domain was set as
the impermeable boundary. Then a given suction (i.e., a suction head −hv corresponds
to a negative pressure of ∆u = −γwhv) was applied to each node along the vertical edges
representing the drainage-allowable PVDs within the improved soil region. Following the
foregoing set-up of numerical model, the consolidation was then allowed until no excess
pore pressure existed in the entire soil domain. This is the first type of simulation scheme,
namely suction-induced consolidation analysis (scheme I, see Figure 2a). Noted here, it is
an idealized scenario, since the impermeable top surface aside the improved soil region
was artificially implemented, aiming to avoid any seepage flow from the overlapping
water into the improved soil zone involved in the analysis. Another one is suction-induced
seepage analysis (scheme II) where the top surface of soil domain was restrained without
any movement, and the drainage was permitted cross the surfaces asides the improved
soil region (see Figure 2b). The third one is the analysis with the combination of suction-
induced consolidation and seepage (scheme III, see Figure 2c). The only difference of the
last two types of analyses is the elimination of constraint of the top surface as the free
boundary again.
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Figure 2. Drainage boundary and loading conditions in three analysis schemes: (a) Scheme I Suction-
induced consolidation analysis; (b) Scheme II Suction-induced seepage analysis; (c) Scheme III
Combination analysis.

In these types of analyses scenarios, the parametric study was conducted, with a
group of normalized quantities considered. They are the aspect ratio of improved soil
region B/H, the ratio of suction head −hv/H, and anisotropic ratio of permeability kh/kv.
The entire simulation scheme is illustrated in Table 2. Note, all parametric studies are
based on the non-dimensional groups of parameters, with increasing B/H representing the
square, rectangular, and strip shapes of improved soil regions respectively, with increasing
hv/H representing the deeper water depth, with increasing kh/kv representing the faster
horizontal drainage rate (kh/kv is generally within 1 to 10 for the typical marine clay [43]
and 1 to 3 is usually seen in practice [2,39,43]).
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Table 2. The numerical simulation schemes

Analysis Schemes
Influence Factors

B/H −hv/H kh/kv

Suction-induced consolidation
(Scheme I)

1, 5, 10, 20 −0.85, −0.95,
−1.35, −1.85,
−2.35

1, 2, 3
Suction-induced seepage

(Scheme II)

Combination of suction-induced
consolidation and seepage

(Scheme III)

The adoption of the initial time step is of interest in drained analysis to ensure a
stable build-up of initial pore pressure without the missing or distortion of subsequent
consolidation response. The minimum value of initial time step tinit was prescribed by [45].

tinit = ∆l2 γw

6Ek
, (4)

where, ∆l is the characteristic element length taken as 0.01 m around the PVDs in this paper.

2.4. Model Validation

Following the study of [43] on the consolidation behavior of strip foundation subjected
to a vertical surcharge load, the dissipation responses of excess pore pressure at the topsoil
along the centreline were compared. Here, the finite element mesh strategy of this study
was used, but the thin layer with the width of B on the top of improved soil was specified as
rigid body without the application of suction head along the PVDs’ edges. As evident from
Figure 3, a good agreement can be observed from normalized change in excess pore pressure
∆u/∆ui against elapsed time factor T = cvht/B2. ∆u is the dissipated excess pore pressure
with time, and ∆ui is the initial excess pore pressure. Therefore, the mesh technology and
configuration of the numerical model reported in this paper can be validated to be used in
the further drained analysis.
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3. Numerical Analysis Results
3.1. Simulated Settlement in the Suction-Induced Consolidation Scheme

Figure 4 shows the evolution of settlement in response to the dissipation of excess pore
pressure ∆u during the process of suction-induced consolidation. Only the case of B/H = 1,
−hv/H = −0.85, and kh/kv = 1 was demonstrated here, due to the similarity of evolution
mechanism among the simulated cases. Five typical phases during the consolidation
can be summarized: (i) onset of applying the specified suction head along the PVDs
(T = 0, see Figure 4a). A series of discrete negative pressure regions shaped in ribbon
pattern were generated, and the soil around PVDs slightly settled (Figure 4a). (ii) Transient
phase with consolidation mainly occurring in the improved soil region (T = 0.002; see
Figure 4b). The negative excess pore pressure was starting to expand mainly within the
improved soil region, yet the settlement outside the improved soil zone occurred. (iii)
Completion of consolidation in the improved soil region (T = 0.061; see Figure 4c). After
the duration of consolidation of t = 1.94 × 108 s (corresponding to T = 0.061, around
6.15 years), the entire improved soil region showed a uniform negative ∆u of −85 kPa,
indicating the completion of consolidation within the improved soil region. It is consistent
with the response of displacement (the legend S for the settlement) contour, where the
soil settlement mainly occurred in the improved soil zone. The soil aside the improved
region also performed the observable settlement, while the soil below the improved region
performed the neglectable settlement. It is attributed to the difference in drainage path,
shorter for the sideward soil, longer for the subsoil. (vi) Transient phase with ongoing
consolidation mainly occurring in the non-improved soil region (T = 5.273; see Figure 4d).
The negative pore pressure was gradually expanding to far field, with the settlement aside
and beneath the improved soil regions generated. (v) Completion of consolidation in the
entire soil domain (T = 2738; see Figure 4e). With the continuous maintaining of suction
head, ∆u of −85 kPa propagated in the entire soil domain (t = 8.64 × 1012 s associated with
T = 2738), reflecting the accomplishment of suction-induced consolidation. It resulted in a
uniform settlement through the soil domain.

To investigate the influences of B/H, −hv/H, and kh/kv on the settlement due to
suction-induced consolidation, response of the normalized consolidation settlement
(Us = (Smax − Si)/Smax) at the top surface and along the centreline of soil domain against
the normalized elapsed time (T = cvht/H2) is reported in Figure 5a,b, where (1 − Us) is
the consolidation degree in the formation of settlement, Si is the current consolidation
settlement, and Smax is the final settlement after full consolidation. Four different B/H
(of 1, 5, 10, and 20), five different −hv/H (of −0.85, −0.95, −1.35, −1.85, and −2.35), and
three different kh/kv (of 1, 2 and 3) were included. The significant transition phase can be
observed at Us of around 0.6 to 0.75 in all simulated cases. It is consistent with the evolution
mechanism of settlement described above, where the settlement mainly occurred in the
improved soil region at the early stage then in the subsoil, due to the difference in the length
of drainage path. For identical B/H, the consolidation curves were almost coincident with
varying −hv/H and kh/kv, implying no impact on them. As B/H increased, a faster rate of
consolidation was found, with less discrepancy in larger B/H. It is reasonable since more
PVDs can be employed in the case of larger B/H, resulting in the larger drain section and
higher efficiency in drainage. It may imply that an efficient dimension for the improved
soil region could be satisfied as B/H ≥ 5.
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central point along the top surface of improved soil region against the normalized elapsed time
(T = cvht/H2): (a) varied B/H; (b) varied –hv/H.

3.2. Simulated Flow in the Suction-Induced Seepage Scheme

Figure 6a shows the development of suction-induced seepage with respect to the
dissipation of excess pore pressure ∆u for the case of B/H = 1, −hv/H = −0.85 and
kh/kv = 1. The region extending a distance of to 2H horizontally and H vertically from
the boundary of improved soil zone was selected, as the quantity of seepage flow into the
improved region was of greatest practical interest. From the distribution of ∆u at the very
onset (t = 2.95 × 10−5 s corresponding to T = 9.36 × 10−5), as seen in Figure 6(a-1), a ∆u of
−85 kPa was generated as expected along the PVDs, resulting in the pore flow confined
in the vicinity of PVDs along the horizontal direction. The seepage zones gradually
extended to the unimproved soil part, as the suction head held. At t = 5.75 × 107 s
(associated with T = 0.018), as shown in Figure 6(a-2), the different magnitude of head
loss was observed through the soil domain, with the largest head loss (∆u = −85 kPa)
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occurring in the improved soil region, with the constant-head boundary (∆u = 0) slightly
extending downward. It led to the obvious seepage flow from constant-head boundary
to the improved soil zone. After a period of t = 1.12 × 1010 s (associated with T = 3.55),
the steady-state seepage approached with the unchanged contour of ∆u and distribution
of flow velocity vector (see Figure 6(a-3)). Regarding the H × H zone aside the improved
soil region, the seepage seemed to occur along a locus of quadrant. Regarding the bottom
boundary of the improved soil region, the seepage inflow seemed to experience a longer
path from the constant-head boundary.
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Comparison of Figure 6a,b shows that, despite the difference in geometry of the
improved soil region (a wider improved soil zone with same height in Figure 6b), the
seepage flow appeared to develop following a similar pattern. It comprised of three stages:
build-up of the low-constant-head (suction), evolution of head loss (transitional stage), and
steady-state seepage flow. The significant difference in them is along the bottom boundary
of improved soil region, where the remarkable flow occurred only in the two corner zones.

To examine the seepage flow of both lateral and bottom boundary of improved
soil region, the seepage discharge Q normalized by BH against the elapsed time factor
T = cvht/H2 is reported in Figure 7. The term Q/BH in fact reflects the operative seepage
discharge into the improved soil region due to suction, and Ql/BH and Qb/BH are for
lateral and bottom seepage flow, respectively. All discharge curves appeared to have a
similar trend, with a short sharp rise following a quite linear increase. It was consistent with
the two typical stages described above, one for transitional stage, another for steady-state
stage. Regarding the variation of discharges (Q/BH, Ql/BH, and Qb/BH) with different
parameters, it can be seen that, the quantity of water flowing into the improved soil region
increased as the suction head −hv/H was elevated, and decreased with the increasing of
B/H. Qb/BH was lower than Ql/BH in general when B/H and −hv/H were identical. It is
important to realize that, as B/H increased, the operative discharge did not show a rise
and instead a degradation, although more PVDs were implemented with a wide range of
suction applied. This can be well explained by the previous observation that the seepage at
the bottom boundary of improved soil region was found only in the limited corner zone.
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3.3. Simulated Settlement in the Combination of Consolidation and Seepage Scheme

This section considers the realistic scenario involved in the underwater vacuum
preloading, where both the consolidation and seepage occur simultaneously and impact
the settlement throughout the improved soil region. Insights into the mechanism are
reported in Figure 8, where the settlement in the soil region of concern accompanied by
the distribution of excess pore pressure ∆u is considered. The selected simulation time
(here, t = 8.64 × 1012 s associated with T = 2738) is sufficiently long to ensure the seepage is
under steady state. From comparison with the mechanisms under only suction-induced
consolidation or seepage (described in the last two sections), the main findings followed: (1)
Compared to the uniform settlement in scheme I, the considerable nonuniform settlement
along the top surface of improved region can be found, in particular, in the region close
to both sides; (2) compared to the flow paths (flow velocity vector field) in scheme II, the
similar seepage zone can be observed in the cases with high B/H, which was restricted
in the whole lateral boundary and part of bottom boundary (around B/3) of improved
soil region. These may be explained by the existence of seepage flow. It showed that the
suction head applied within the improved soil region, in particular close to both sides, not
only acted as the consolidation pressure, but also pumped the seepage inflow out of the
PVDs. The seepage flow therefore led to a decrease in effective consolidation pressure in a
certain improved soil region, or perhaps can be thought as a “negative” settlement in the
limited region, and thus a nonuniform settlement along the soil surface.
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Figure 9 presents a suite of responses of history settlement for the position located at
the top surface of soil along the centreline. Results from the analyses in schemes I and III
are included, with varying B/H and −hv/H. It is clear that, two piecewise responses were
obvious, because of different consolidation rate in the region of improved soil and bottom
soil. All curves merged into an identical trend, which fell adjacent to the response of the
case with B/H = 20. It was consistent with the observation described above. Under larger
B/H, the influence of seepage flow can be neglected for the central region of improved soil
zone, so the settlement responses from schemes I and III were almost same. But under
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lower B/H, the seepage flow resulted in a reduction of effective consolidation pressure,
and thus a lower value in the final settlement Smax even at the central region, which led to
a faster consolidation response and close to a non-seepage response.
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Figure 9. The responses of history settlement for the position located at the central point along the
top surface of improved soil region: (a) B/H; (b) −hv/H.

Such influence from the seepage flow on the settlement is illustrated in Figure 10
with two different consolidation degrees (1 − Us) of 40% and 99% included. They are
representations of the routine time of applying vacuum in practice (around 3–6 months)
and the time when suction-induced settlement (including both improved soil and subsoil
regions) almost completed. As evident from Figure 10, a significant nonuniform settlement
appeared at the top surface of improved soil, with the maximum at the center (x/B = 0)
and the minimum on both sides (x/B = ±0.5). The magnitude of nonuniform settlement
increased with increasing B/H and (1 − Us). This implied that the “negative” settlement
induced by seepage flow compensated a part of consolidation settlement because of re-
duction in effective consolidation pressure, and its influence zone differed from B/H with
more “negative” settlements close to lateral boundary of improved soil region. It can
be demonstrated from a further comparison with settlement obtained in scheme I (see
Figure 10b). The final settlement at the center in scheme III was almost equal to that in
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scheme I at B/H = 20, indicating the influence of seepage on the central settlement along
the top surface of improved soil could be neglected under sufficiently large B/H.
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4. Back-Calculated Approach to Predict the Settlement
4.1. Prediction of Consolidation Settlement without Consideration of Seepage

Considering the minimum influence of seepage on the settlement of central point
at the top surface of improved soil under large B/H (i.e., B/H = 20), its estimation was
implemented here, with contributions from both improved soil and non-improved subsoil
regions included.

The settlement at the central point of topsoil surface Si can be expressed as

Si = Si1 + Si2, (5)

where Si1 and Si2 are the corresponding settlements for the improved soil and non-
improved subsoil regions, respectively.

For the improved soil region, Si1 can be computed following the expression proposed
by [46]

Si1 = Si1,max(1−Us1) =
γwhvH

Es1
[1− (1−Uh1)(1−Uv1)], (6)
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where Si1,max is the final settlement of the improved soil region, and (1 − Us1) and Ēs1 are
the corresponding equivalent consolidation degree and constrained modulus through the
improved soil strata.

Uh1 in Equation (6) is the consolidation degree due to the horizontal drainage, and
can be calculated by the expression provided by [12,22].

Uh1 = 1− exp
[
− 8

F(n)
Th

]
, (7)

where
Th =

cht

(0.4De)
2 , (8)

F(n) =
n2

n2 − 1
ln n− 3n2 − 1

4n2 , (9)

where, 0.4De is the equivalent drainage path under 2D condition, and F(n) is the equivalent
horizontal drainage path, n = De/Dw, with Dw for the diameter of the drains.

Uv1 in Equation (6) is the consolidation degree due to the vertical drainage only for
the improved soil region, and can be expressed with a simplified formation following the
one-dimensional consolidation theory [47].

Uv1 = 1− 8
π2 exp(−π2

4
Tv1), (10)

where
Tv1 =

cvt
H2 , (11)

For non-improved subsoil region, Si2 was calculated referring to Terzaghi’s theory of
1D consolidation [47]

Si2 = Si2,max(1−Us2) =
γwhvHb

Es2
(1−Uv2), (12)

and

Uv2 = 1− 8
π2 exp(−π2

4
Tv2), (13)

Tv2 =
cvt

(mdHb)
2 , (14)

where, Si2,max is the final settlement of the non-improved subsoil region; (1 − Us2) and Ēs2
are the corresponding equivalent consolidation degree and constrained modulus; Hb is
the depth of subsoil; Uv2 is the consolidation degree due to vertical drainage. Noted that
the term of mdHb is the modified drainage path (here md around 0.5), which represents
a discontinuous drainage boundary (discrete PVDs) rather than a continuous drainage
boundary in the Terzaghi’s theory.

Combining Equation (5), Equation (6), and Equation (12), yields the normalized
settlement of central point at the top surface of soil domain Us.

Us = 1− Si

Si1,max + Si2,max
=

Es2H(1−Uh1)(1−Uv1) + Es1HbUv2

Es2H + Es1Hb
, (15)

The results computed by Equation (15) were compared with the consolidation curve of
B/H = 20 obtained from FE analysis in scheme I or III (because of their similarity described
earlier). As shown in Figure 11, a quite good agreement can be observed, implying the
modification on the drainage path functioned well to represent two piecewise consolidation
rates. Note, there is an observable difference of results from Equation (15) and FE analysis
at T from 0.002 to 5.317. It may be attributed to the fact that a simplified method based on
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the one-dimensional consolidation theory is used to estimate the consolidation settlement
of non-improved soil region.
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4.2. Prediction of the Operative Seepage Discharge

With the retrospection of suction-induced seepage mechanism discussed previously,
the simplified flow paths were established as shown in Figure 12. For a given depth z (see
Point A1) along the lateral boundary of improved soil region, the flow path was assumed
to be a quarter of circle with a length of πz/2, and for a given position z′ (≤H/2) away
from the corner along the bottom boundary (see point B1), the flow path was assumed to
be a combination of a quarter of circle with a length of π(z + z′)/2 and another quarter of
circle with a length of πz′/2. Here, the region of occurring seepage was artificially confined
within the width of 3H/2 aside the improved soil zone. However, the flow paths can be
used to calculate a reference discharge along both lateral and bottom boundaries, with two
satisfactory assumptions (1) the soil is fully saturated; (2) the seepage is stable state flow
conforming to Darcy’s law.
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with varying B/H. 

The correlation between βl, βb, and B/H can be obtained by the back-calculation based 
on the FE results of operative seepage discharge of both lateral and bottom boundaries 
under different B/H, and can be expressed as 

z′ 

H

h

mudline

water

Permeable boundary
Impermeable boundary

Improved soil 
region

pv = - γwhv

p v
 =

 - 
γ w
h v

z

dz

mudline

A1

B1

Figure 12. Illustration of proposed simplified flow paths under suction-induced seepage.

For seepage flow along the lateral boundary, a line element with a dimension dz at the
depth of z was considered here (see Figure 12), the head loss ∆h at the line element under
the stable seepage can be written as

∆h =
Pv

γw
= hv, (16)
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where, Pv is the vacuum pressure along the PVDs.
The corresponding hydraulic gradient, il(z) is expressed as

il(z) =
2hv

πz
, (17)

In accordance with Darcy’s law, the flow rate along the lateral boundary ql is

ql = 2k
∫ H

H0

il(z)dz =
4khv

π
ln(

H
H0

), (18)

where H0 is the penetration depth of the sealing membrane.
Regarding the seepage flow of the bottom boundary, the corresponding hydraulic

gradient ib at z′ is

ib
(
z′
)
=

2hv

π(H + 2z′)
, (19)

Similarly, the flow rate along the bottom boundary qb is

qb = 2k
∫ 1.5H

H
ib(z′)dz′ =

2khv

π
· ln 4

3
, (20)

Combining Equations (18) and (20) gives the total seepage flow rate q

q = βlql + βbqb =
2khv

π

[
2βl ln(

H
H0

) + βb ln
4
3

]
, (21)

where, two coefficients of βl and βb are introduced here for the further modification of
reference seepage flow rate, aiming to capture a reasonable region of occurring seepage
with varying B/H.

The correlation between βl, βb, and B/H can be obtained by the back-calculation based
on the FE results of operative seepage discharge of both lateral and bottom boundaries
under different B/H, and can be expressed as

βl = 0.02
B
H

+ 1.9, (22)

βb = 21.2− 20.5(0.6)B/H , (23)

It can be seen from Equation (21), the normalized operative seepage discharge Q/BH
increased linearly with time when B/H and −hv/H are known, and can be expressed

Q/BH =
qt

BH
=

2khv

πBH

[
2β1 ln

(
H
H0

)
+ βb ln

4
3

]
, (24)

Figure 13 shows the comparison of seepage discharges computed by Equations (21)–(23)
obtained from FE analyses in scheme II. The total seepage discharge Q/BH are included
for comparison with different B/H and −hv/H. The reasonable prediction can be observed
in general, with some deviations mainly in the earlier seepage, which was due to the
assumption of stable-state flow.
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4.3. Prediction of the Non-Uniform Settlement

Considering a negative contribution (“negative” settlement) of seepage to the settle-
ment, the non-uniform settlement along the top surface of improved soil region with time
was calculated in this section.

Retrospecting Equation (15), the central point settlement with different B/H under
varying consolidation degrees (1 − Us), was first calculated as

Si = (Smax − Sn,f)(1−Us), (25)

where Sn,f is the final “negative” settlement induced by the seepage.
As discussed before, Sn,f was taken as 0 under B/H = 20, since the seepage influence

can be neglected. For different B/H, Sn,f was expressed as a function of normalized
operative seepage discharge

Sn,f =
Q
B
αn,f =

Q(Tc)

B

(
5− 0.2

B
H

)
, (26)

where αn,f is a modification coefficient to consider the influence of B/H on the negative
settlement, Tc is the effective acting time factor of the seepage flow from the overlapping
water.

For practical consideration, the vacuum stopped when the consolidation of the im-
proved soil was completed, so Tc was calculated using Equation (6) (with Si1 reaching the
maximum, and Us1 = 0)

Tc =
cvhtc

H2 =
36cvhDeF(n)

9.9cvDe2F(n) + 32chH2 , (27)

Substituting Equations (26) and (27) into Equation (25) yields the time-dependent
settlement response at the central point along the top surface of improved soil region

Si =

[
S1 −

q
B
(5− 0.2

B
H
)

36DeF(n)H2

9.9cvDe2F(n) + 32chH2

]
(1−Us), (28)

The results computed by Equation (28) are shown in Figure 14, and compared with
those from FE analyses in scheme III. The excellent agreement can be observed suggesting
that Equation (28) was reasonable to estimate the settlement response of central point
considering the influence of seepage flow.
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Regarding the settlements for the positions away from the central point in the im-
proved soil region Sx/B, its expression can be deduced based on Equation (28)

Sx/B = Si

{
1−

[
1.3 +

(
0.14

B
H

)3.5
]( x

B

)3+0.014( B
H )

1.9}
, (29)

Figure 15 reports the normalized non-uniform settlement Sx/B/H calculated by
Equation (29) for B/H = 20 under different consolidation degrees (1 − Us). From the
comparison of the corresponding results from FE analyses in scheme III, good agreement
can be found, so the proof of validity for Equation (29) was confirmed.
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numerical and calculated results.

5. Discussion

It was considered that the duration of the applied vacuum was generally 3 to 6 months
with the very large B/H for the improved soil region in practice, referring to the application
of onshore vacuum preloading with PVDs. This section therefore discusses the settlement
responses under B/H = 20 considering different water depth in the underwater vacuum
preloading with PVDs, attempting to provide some implications and suggestions for
engineering design.

Figure 16 reports the historical settlement for the central point at the top surface of im-
proved soil under B/H = 20 using the model of scheme III. The response of −hv/H = −0.85
could be thought as a reference without the contribution from the overlapping water, as the
typical suction pressure of−85 kPa similar to onshore vacuum preloading was applied and
the influence of seepage was limited for the settlement of central point. By comparison with
the settlement responses under different −hv/H, if a duration of 6 months was taken for
the vacuum application, larger settlement can be captured when the depth of overlapping
water was higher. It means higher soil strength and better treatment would be available. In
other words, a target settlement can be achieved in a shorter time. For instance, a settle-
ment of 0.03H required a duration of around 6 months in the onshore vacuum preloading
(referring to the result of −hv/H = −0.85), but this time could be significantly reduced to
17 days when the improved soil was located in the water with depth of 10 m (referring to
the result of −hv/H = −1.85, assuming no loss in suction head).
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Figure 16. Comparison of time-dependent settlement responses at the central point under different
water depths.

Figure 17 presents the non-uniform settlements along the top surface of improved
soil region under different −hv/H. For reference case of −hv/H = −0.85, its response may
not be thought to be similar to onshore vacuum preloading, although the non-uniform
settlement also existed. Since the water–air mixture from lateral non-improved soil region
flows into the improved soil region (especially for both sides), rather than continuous water
in underwater vacuum preloading. Compared with other cases, the degree of non-uniform
settlement increased as the water depth increased. It implied that the overlapping water
could be used by submerged pump to increase the consolidation pressure, but meanwhile
led to a significant non-uniform settlement.
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Figure 17. Comparison of time-dependent non-uniform settlement responses under different wa-
ter depths.

6. Conclusions

This paper presented the comprehensive numerical investigation of settlement re-
sponse in the underwater vacuum preloading with PVDs. The influential mechanism of
overlapping water was examined and interpreted by comparison of soil behavior using
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numerical analyses under suction-induced consolidation, seepage, and their combination.
The main findings can be included as below.

• The overlapping water can be utilized as effective consolidation pressure (i.e., increas-
ing the suction head) to improve the effect of soil treatment, or reduce the time of
treatment, when the submerged pump was used in the underwater vacuum preload-
ing with PVDs (perhaps relevant installation technologies required to be developed).

• The overlapping water can induce the significant non-uniform settlement along the
top surface of improved soil region. It was different from onshore vacuum preloading
with the water–air mixture rather than continuous water through both lateral and
part of bottom boundary. This could be solved by the application of different suctions
within the improved region, such as lower suction in the center and higher on both
sides of the improved soil region.

• The dimension of improved soil region can influence the consolidation rate, with
a faster rate as increasing B/H. Hence, a relatively larger B/H (i.e., B/H ≥ 5) is
recommended in practice.

• The higher vacuum pressure than onshore can be readily achieved once the water
depth is sufficiently large, yet non-uniform settlement of seabed is more serious, and
larger capacity of submerged pump (leading to high cost) is required. Hence, a proper
vacuum pressure needs to be identified early by the proposed method in this paper.

Moreover, the proposed theoretical approach can be used to predict the time-dependent
settlement response in the underwater vacuum preloading, yet further research is required
to consider more influences, such as soil plasticity, smear effect, well resistance, and etc.
However, it has to been recognized, this paper provided some fundamental understandings
of underwater vacuum preloading, and also a general framework to estimate the settlement
response with the influence of overlapping water.
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