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Abstract. This presentation discusses engineering considerations for designing and constructing large-
scale embankments on peat deposits in Hokkaido, northern Japan, using the vacuum consolidation method
with Prefabricated Vertical Drains (PVDs). Field measurements revealed that the pore water pressure
behavior of peat between drains differs markedly from that of clay. To investigate the mechanism underlying
this difference, axisymmetric elasto-plastic finite element analyses were performed on a unit cell containing
a PVD. The permeability and consolidation coefficient of the peat decrease significantly during
compression, resulting in the delayed dissipation of excess pore water pressure. Under vacuum
consolidation, negative pressure is rapidly applied around the drains, accelerating consolidation and further
reducing permeability near the drains. This leads to slower dissipation of excess pore water pressure at
midpoints between drains, a trend successfully reproduced in analyses that considered a variable coefficient
of consolidation. Consequently, peat exhibits a larger discrepancy between settlement-based and effective
stress-based degrees of consolidation than clay. This difference has significant implications for estimating
strength gain during vacuum consolidation. Exploiting the effective stress-based degree of consolidation
provides a rational and reliable approach for predicting strength gain for design in peat deposits subjected
to vacuum consolidation.

1 Introduction pressure, and corresponding FEM simulation results.

Based on these data, the characteristic behavior of
Extensive peat deposits are distributed throughout the excess pore pressure in peat deposits and its governing
Sapporo region in Hokkaido, where various mechanisms are discussed.

geotechnical problems—such as excessive settlement

and embankment instability—have frequently emerged .

during construction. Thetyauthors hacxlle acZumula%ed 2 Overview of the method
numerous case studies involving the application of
vacuum consolidation combined with vertical drains as
countermeasures for such issues, thereby confirming the
method’s effectiveness. Notably, when vacuum
consolidation is applied to peat during embankment
construction, the dissipation of excess pore water
pressure is often markedly slower than anticipated,
despite continuous settlement.

To elucidate this behavior, detailed field monitoring
was conducted using multiple pore pressure gauges
installed between drains, together with axisymmetric
finite element method (FEM) analyses. The results

The vacuum consolidation drain method applies
negative pressure directly to each vertical drain through
a collector pipe connected individually to the drains.
Unlike conventional vacuum consolidation systems, this
method does not require an airtight membrane, as the
low-permeability ground itself serves as a vacuum-
retaining layer. This eliminates the risk of vacuum
leakage due to membrane damage and allows the
method to be applied even under submerged conditions,
such as in marine construction (Fig. 1).
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In peat deposits, the method can significantly reduce
improvement costs—often to less than one-third of
those required for deep mixing. This cost advantage
arises because deep mixing in peat demands specialized
cementitious binders, as organic components inhibit the
strength development of ordinary stabilizers.

3 Outline of construction

The case examined herein involves the construction of
an embankment for a flood-control retarding basin [1].
Extremely soft peat deposits are widely distributed
within the site, and embankments exceeding 9 m in
height were planned. Because the predicted post-
construction settlement was extremely large without any
ground improvement—approximately 4 m—vacuum
consolidation drains were employed to accelerate
consolidation and ensure embankment stability.

The improvement target consisted of soft layers
approximately 35 m thick with a planned embankment
height of 8.1 m (Figs. 2 and 3). The vacuum
consolidation treatment was applied to the peat and
organic clay layers to a depth of about 8 m above the
intermediate sand layer. Although deeper clay layers
contribute to overall settlement, they satisfy the required
safety factors for slope stability; thus, conventional
prefabricated vertical drains (PVDs) were installed
instead of applying vacuum pressure. The combined
improvement pattern incorporating both vacuum and
non-vacuum PVD zones will be presented separately.

The peat layer exhibited extremely soft conditions
and was moderately decomposed, with water content w,
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Fig. 3. Drain installation conditions.
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Fig. 2. Overview of the construction work and Photographs of peat sample.
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parameters were determined from CU triaxial tests and
incremental loading consolidation tests performed on
thin-walled samples collected near the site (Table 1),

Fig. 9. Distribution of excess pore water pressure between
drains.
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ensuring realistic representation of compressibility and 6 FEM analysis results

permeability.
0.452

6.1 Reproducibility of settlement and pore
pressure behavior

Because the FEM and the Barron method both utilized
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Although the FEM-predicted pore pressure at 10 cm
from the drain deviated somewhat from the
measurement, simulation results at 1.5 cm (organic clay)
and 6 cm (peat) from the drain closely matched
observations(Fig.11d,e). This discrepancy likely reflects
minor drain inclination or bending during installation or
settlement, reducing the true distance between sensors
and drains. Taking these factors into account, it can be
considered that the simulation successfully reproduces
the characteristic excess pore water pressure
distributions of the peat and organic clay between drains
immediately after embankment completion (Fig. 12).

Peat and organic clay exhibit substantial variability
in consolidation and permeability parameters,
particularly at low stress levels (Fig. 13). Consequently,
initial permeability significantly influenced analytical
outcomes: variation of one order of magnitude produced
large differences in both settlement and pore pressure
behavior (Fig. 14). Therefore, this result indicates that it
is essential in practical design to conduct scenario
analyses that take into account the variation rate of
permeability as well as the range of initial permeability
values obtained from consolidation tests and in-situ
permeability tests.
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Fig. 12. Excess pore water pressure distribution between
drains immediately after embankment completion.
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6.2 Relationship between settlement-based
consolidation, effective stress consolidation,
and strength gain

At the end of embankment loading, the settlement-based
degree of consolidation was 59% (Barron) and 68%
(FEM), whereas the degree of consolidation based on
measured effective stress increase was only about 42%.
Using FEM-derived effective stress increments at the
end of embankment loading and after full pore pressure
dissipation under steady vacuum pressure yielded an
effective stress—based consolidation degree of about
44%, consistent with measured values.

The discrepancy between settlement-based and
effective stress—based consolidation is well known and
expressed by Equation (1)*. Because the settlement
curves were accurately reproduced by both FEM and the
Barron method, the predicted effective stress
consolidation degree also agreed with field results
(Table 2). In peat, where initial effective stress is small
and stress increment is large, the difference between
these two indices becomes pronounced.

_ /P -1
P (pa/p) -1

U, : Stress—based consolidation degree

U Settlement—based consolidation degree
p: : Initial stress in the ground

p2 : Stress in the ground after loading

(1)

The strength gain immediately after embankment
construction is important for evaluating slope stability.
If the strength gain is estimated solely from the
settlement-based degree of consolidation and the shear
strength ratio m=s,/G’y (su : undrained shear
strength, ¢’y : effective vertical stress), it may be
significantly overestimated. Meanwhile, the m values
back-calculated from the measured strength gains and
the effective-stress-based degree of consolidation were
closer to the commonly known values of m =0.35-0.5
for peats (Table 3). This demonstrates that effective
stress—based consolidation is essential for accurate
strength evaluation in peat.
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Table 2. Degree of consolidation based on the analysis

Table 3. Predicted strength increase ratio.

results.
Analysis Degree of  Shear
method Item Peat  OC Method for determining the consolidat  strength
degree of consolidation ion ratio
Field Deglr.? of Average 42 32 U (%) m
measurement ~ consolidation Field Average degree of
dat based onpore mesured dissipation of excess 42 0.39
ata water pressure . oedpe 40 29 data pore water pressure
U (%) drain B >
Barron’s arrﬁn S Settlement 59 0.28
: Total settlement S¢ (cm) 42 78 cquation
equation
Settlement during Equation (1) 37 0.45
embankment construction 25 44
Se (cm)
Degree of consolidation FEM Vertical strain 68 0.24
based on settlement 59 56
Usparon (%) Equation (1) 47 0.35
Degree of consolidation
based on effective stress 37 35 Average vertical
. 0
Up-Equatlonl (A)) effective stress 44 0.37
FEM Total settlement S; (cm) 45 85
Settlement during + Discrepancy between the degrees of consolidation
embankment construction 31 45 (U): Settlement-based U is significantly greater than
S. (cm) effective stress—based U, particularly in peat. Effective
Degree of consolidation stress—based estimates of U also produced strength
based on settlement 68 53 gains consistent with measured values.

Usrem (%)
Degree of consolidation

based on effective stress 47 33
Up-Equalionl (%)
Degree of
consolidation ~ Average 44 35

based on the
increase in

cal Central
Vgrtlca area of the 40 30
effective stress drai
rain

Up-rem (%)

7 Conclusions

This study investigated settlement and pore pressure
behavior in peat deposits improved using vacuum-
assisted embankment loading, based on detailed field
measurements and FEM analysis. The main findings are
summarized as follows:

Reproduction of settlement behavior: Both the Barron
method and FEM reproduced settlement curves well
using identical soil parameters, demonstrating the
applicability of the FEM model.

e  Characteristic pore pressure behavior: Peat and
organic clay exhibited slow pore pressure
dissipation and a distinct convex-upward
pressure distribution between drains, which the
FEM model successfully reproduced.

* Influence of permeability reduction and initial stress:
Stress-induced permeability reduction and small initial
effective stress—Ileading to a large stress ratio—were
found to be the principal factors governing delayed
excess pore pressure dissipation.

+  Implications for design and construction
management: Given the heterogeneity and parameter
variability of peat, especially at low stress levels,
scenario analyses incorporating multiple permeability
values are essential for accurate design and construction
monitoring.

The measurement data used in this study were provided with
the permission of the Iwamizawa River Office, Hokkaido
Regional Development Bureau, Ministry of Land,
Infrastructure, Transport and Tourism. We also acknowledge
the valuable cooperation of Kishimoto Corporation during the
field monitoring. The authors express their sincere gratitude
for these contributions.
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