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ABSTRACT: In the design of excavations of soil with a high ground water level, sheet piles are often used
as soil and water retaining structures. Consider a case where deeper penetration of sheet piles is required
during construction due to changes in in-situ conditions. Ground improvement such as jet grouting under the
pre-constructed sheet piles is one of the supplementary methods for lengthening the cut off wall. Here the
supplementary injection of jet grouting under sheet piles is investigated as a prevention method for seepage
failure of soil. For the jet grouting method, the following topics are discussed: “How low should the permeability
of grouting be? How thick should the grouting be?”

1

INTRODUCTION

In excavation of soil with a high ground water level,
sheet piles are often used as soil and water retaining
structures as shown in Figure 1. Seepage water flows
through soil and seepage failure is often a problem.
Tanaka et al. (1994) reported the piping which
occurred in subsoil of a bridge abutment within a cofferdam during dewatering. A 4 cm settlement of the
abutment was observed one week after the placement
of the stem concrete of the abutment. About 10 cm
settlement was finally observed before the dewatering
was stopped. A grouting method was adopted to prevent piping, and to harden and reinforce the subsoil.
The grout was made of high-early-strength-portland
cement and water glass. Piping did not then occur and
the abutment did not subside during the successive
construction of the revetment with dewatering. The
grouting was successful.
Tanaka et al. (2002) reported that boiling occurred
in an excavated base soil between double sheet piles
during dewatering for construction of a conduit. At the
location, a sand layer was overlaid with a silty sand
layer of low permeability. Sand layers were greatly
loosened by the boiling, and needed to be improved.
Voids in the upper (silty sand) layer were filled with
sand, and the lower (sand) layer was improved with
the JSG method – one of the jet grouting methods.
Boiling did not occur in the subsoil during subsequent
dewatering.
Tanaka et al. (2003) reported the blow-out of soil
particles during construction of a caisson type pile.
The bottom soil of excavation was improved with the
CJG (Column Jet Grouting) method, the surrounding

Figure 1. Single-sheet-pile-wall condition (2Dflow).

soil was reinforced with CCP (Chemical Churning
Pile) method, and the caisson type pile was finally
completed.
Various grouting methods are thus used in practice to prevent seepage failure. The following topics
are, however, not clear: “How low should the permeability of grouting be? How thick should the grouting
be?” In this study, the requirements of grouting are
investigated.
Ground improvement by jet grouting is classified
into two types: jet grouting under the pre-constructed
sheet piles and that in the bottom of the excavation
and/or the bottom part of the cutoff wall. Here we consider the case where deeper penetration of sheet piles is
required during construction due to changes in in-situ
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conditions, such as an unexpected rise of the groundwater table. Ground improvement such as jet grouting
under the pre-constructed sheet piles is one of the supplementary methods for lengthening the cut off wall,
because the extension of sheet piles is impossible in
practice.
In the jet grouting method, a grout material such
as cement, water glass etc. is injected into the soil
through a rotating nozzle with very-high-pressured
air or water, by which the soil is excavated, slime is
extruded upward by air pumping action, and the void
is filled with the grout. A grouted zone of a cylindrical
shape is build up and/or the wall-type grouted zone is
made up by the successive construction of cylindricalshape grouting. Jet grouting is one of the replacing
methods of grout for fine soil particles.
2

Figure 2. Double-sheet-pile-wall condition (2DCflow).

FLOW CONDITIONS DISCUSSED

In excavation of a large area, seepage water flows
through the soil around sheet piles. The single-sheetpile-wall condition brings about a two dimensional
flow (2Dflow) as shown in Figure 1. The seepage failure of soil in front of a single sheet pile wall is a
typical problem in two dimensions. When two rows of
sheet pile walls are close to each other, seepage water
concentrates into the soil between double sheet pile
walls two dimensionally. The double-sheet-pile-walls
condition brings about the two dimensionally concentrated flow (2DCflow) as shown in Figure 2. As the
width of double sheet pile walls becomes narrower,
the seepage flow concentrates more strongly in the soil
between the walls. The two dimensional concentrated
flow of water lowers the safety factor for seepage failure of the soil. When the longitudinal length of double
sheet piles becomes small, seepage flow concentrates
three dimensionally into soil surrounded by a rectangular wall. An axisymmetric seepage flow through
soil within a circular wall is often used to model
such a three-dimensional flow (Furukawa et al. 1993).
The circular-cutoff-wall condition brings about the
axisymmetric flow (AXSflow) as shown in Figure 3.
The axisymmetric seepage flow of water still lowers
the safety factor for seepage failure of soil surrounded
by the wall. Here we think about three flow conditions:
2D-, 2DC- and AXS-flows.

Figure 3. Circular-cutoff-wall condition (AXSflow).

3 ANALYTICAL CONDITIONS
Let us think about the case where a grout material
is intruded into soil under the single- and doublesheet-pile walls and circular-cutoff wall, as shown in
Figures 4, 5 and 6. We consider a very great thickness
of soil T = 300 m or infinite soil ground, and singleand double-sheet-pile walls and circular-cutoff wall
penetrating to the depth D = 10 m. By taking such a

Figure 4. Grout injected into soil under a single sheet pile
wall.

very large thickness of soil into account, the effects
of the penetration ratio D/T on the seepage failure
phenomenon are neglected, i.e., the non-dimensional
value of the critical hydraulic head difference Hc ,
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Figure 5. Grout injected into soil under a double sheet pile
wall.

Figure 7. Flow nets on the single-sheet-pile-wall condition.

4
Figure 6. Grout injected into soil under a circular cutoff
wall.

Hc γw /Dγ ′ is given as almost the same value for every
D/T (<0.1) value. Here we consider the case where
the jet grouting is injected into soil with the hydraulic
conductivity of k = 1.0 × 10−4 m/s under the sheet
piles as a supplementary method. The conditions of jet
grouting considered are three hydraulic conductivities
kg = 1.0 × 10−5 , 10−6 and 10−7 m/s, three thicknesses
bg = 0.5, 1.0 and 1.5 m, and ten intruded lengths
Dg = 1.0, 2.0, . . ., 10.0 m. Here, the effects of supplementary injection of jet grouting on the characteristics
of seepage flow and seepage failure are discussed. The
coefficients of permeability of grout kg = 1.0 × 10−5 ,
10−6 and 10−7 m/s are here denoted by KG5, KG6 and
KG7, respectively. The conductivity of grout is usually
taken as 1.0 × 10−7 m/s or less in practice in Japan.

FEM seepage flow analyses are conducted. Figures 7a,
b and c show flow nets, on the single-sheet-pile-wall
condition of bg = 1.0 m and kg = 1.0 × 10−6 m/s, for
three cases of Dg = 0.0, 5.0 and 10.0 m, respectively. In
Figure 7, each increment of any two adjacent equipotential lines is H /6 and streamlines are drawn as flow
nets (or enclosed figures) form curvilinear squares.
We can find, from Figure 7, that the larger the Dg
value grows, the larger the intervals between any two
adjacent stream lines and intervals between any two
adjacent equipotential lines become, and the smaller
the upward hydraulic gradient in front of sheet piles
becomes. This means that the stability for seepage
failure of soil in front of sheet piles increases.
Figures 8a, b and c show flow nets, on the doublesheet-pile-wall condition of B = 10.0 m, bg = 1.0 m
and kg = 1.0 × 10−6 m/s, for three cases of Dg = 0.0,
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CHARACTERISTICS OF SEEPAGE FLOW
THROUGH SOIL

Figure 8. Flow nets on the double-sheet-pile-wall
condition.

5.0 and 10.0 m, respectively. B is the half width of
double-sheet-pile-walls. In Figure 8, the flow net is
illustrated for the left hand side of the flow region. In
Figure 8, each increment of any two adjacent equipotential lines is H /6 and streamlines are drawn as flow
nets (or enclosed figures) form curvilinear squares.
We can find, from Figure 8, that the larger the Dg
value grows, the larger the intervals between any two
adjacent stream lines and intervals between any two
adjacent equipotential lines become, and the smaller
the upward hydraulic gradient in front of sheet piles
becomes.
Figures 9a, b and c show equipotentials, on the
axisymmetric condition of R = 10.0 m, bg = 1.0 m and
kg = 1.0 × 10−6 m/s, for three cases of Dg = 0.0, 5.0
and 10.0 m, respectively. R is the radius of the circular
cutoff wall. In Figure 9, each increment of any two
adjacent equipotential lines is H /6. We can find, from

Figure 9. Equi-potentials on the circular-cutoff-wall
condition.

Figure 9, that the larger the Dg value grows, the larger
the intervals between any two adjacent equi-potentials
become, and the smaller the upward hydraulic gradient
in soil surrounded by the circular cutoff wall becomes.
5

The critical hydraulic head differences for seepage failure Hc are analyzed using the Prismatic failure concept
(Tanaka & Verruijt 1999). The effects of hydraulic conductivity kg and thickness Dg of jet grouting on Hc
values are discussed.
According to the Prismatic failure concept, we
assume that the body of soil lifted by seepage water
has the shape of a prism with a certain height and
width adjoining a sheet pile wall. The rise of a prism is
resisted by the submerged weight W ′ and the frictions
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CRITICAL HYDRAULIC HEAD
DIFFERENCE FOR SEEPAGE FAILURE

(bg =

Figure 11. Relationship between Dg and Hc γw /Dγ ′ (kg =
1.0 × 10−6 m/s, 2Dflow).

FL and FR on the left and right sides. The safety factor
Fs with respect to the rise of the prism, which is
subjected to the excess pore water pressure on its base
Ue , is given as

(2) in the cases of KG6 and KG7, Hc increases linearly
with Dg increasing, and
(3) KG7 has almost the same effect as or a larger effect
than the extension of the sheet pile wall itself with
respect to Hc .

Figure 10. Relationship between Dg and Hc γw /Dγ
1.0 m, 2Dflow).

′

For a hydraulic head difference H between up- and
downstream sides, safety factors Fs are calculated for
all of the prisms in front of sheet piles.The safety factor
Fs takes the minimum Fs min for a certain prism among
all of the prisms. The calculation is iterated for another
hydraulic head difference H until the condition that
Fs min becomes equal to 1.0. H = Hc at which the condition Fs min = 1.0 is applied is defined as the critical
hydraulic head difference. The prism having a value
of Fs min = 1.0 among all of the prisms for H = Hc is
defined as the critical prism. We could say the critical
prism is separated from the underlying soil at its base
when H exceeds Hc .
5.1

Single-sheet-pile-wall condition

Figure 10 shows the relationship between Dg and
Hc γw /Dγ ′ on the condition of bg = 1.0 m for three cases
of kg = 1.0 × 10−5 , 10−6 and 10−7 m/s, in which sheet
piles mean the extension of the sheet pile wall itself.
It is observed from Figure 10 that
(1) in the case of KG5, Hc increases for a small value
of Dg but approaches asymptotically to a constant
value with Dg increasing,

It is concluded that the jet grouting of 1 order lower
hydraulic conductivity than that of soil ground has a
smaller effect on the decrease in discharge and on the
increase in Hc , and that the injection of jet grouting of
2 orders lower hydraulic conductivity than that of soil
ground has almost the same effect on the increase in
Hc as the extension of sheet piling itself.
Let us now consider the effects of the thickness of
jet grouting bg on Hc values. Figure 11 shows the relationship between Dg and Hc γw /Dγ ′ , on the condition
of kg = 1.0 × 10−6 m/s, for three cases of bg = 0.5, 1.0
and 1.5 m. It is found from Figure 11 that the thicknesses of jet grouting 0.5, 1.0 and 1.5 m have almost
the same effects on the increase in Hc value as the
sheet pile wall itself. So, regarding the thickness of
jet grouting, 0.5 m is sufficient from the viewpoint of
numerical results.
5.2

Here we consider the cases of the half width of
two walls B = 10 m on the double-sheet-pile-wall
condition and the radius R = 10 m on the circularcutoff-wall condition. Tanaka et al. (2000) have
revealed that Hc decreases with B and R decreasing. Here the effects of jet grouting on Hc values are
discussed.
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Double-sheet-pile-wall and circularcutoff-wall conditions

Figure 12. Relationship between Dg and Hc γ w/Dγ ′ (bg =
1.0 m, 2DCflow).

Figure 14. Relationship between Dg and Hc γw /Dγ ′ (kg =
1.0 × 10−6 m/s, 2DCflow).

Figure 13. Relationship between Dg and Hc γw /Dγ ′ (bg =
1.0 m, AXSflow).

Figure 15. Relationship between Dg and Hc γw /Dγ ′ (kg =
1.0 × 10−6 m/s, AXSflow).

Figures 12 and 13 show the relationship between
Dg and Hc γw /Dγ ′ for bg = 1.0 m and three cases of
kg = 1.0 × 10−5 , 10−6 and 10−7 m/s, on the doublesheet-pile-wall condition (B = 10 m) and the circularcutoff-wall condition (R = 10 m), respectively.
Figures 14 and 15 show the relationships between
Dg and Hc γw /Dγ ′ , for kg = 1.0 × 10−6 m/s and three
cases of bg = 0.5, 1.0 and 1.5 m, on the-double-sheetpile-wall condition (B = 10 m) and the circular-cutoffwall condition (R = 10 m), respectively.

Figures 12, 13, 14 and 15 show that, for the doublesheet-pile-wall and circular-cutoff-wall conditions, the
same conclusions are true with respect to Hc as for the
single-sheet-pile-wall condition:
(1) The jet grouting of 1 order lower hydraulic conductivity than that of soil ground has a smaller effect
on the decrease in discharge and on the increase
in Hc .
(2) The injection of jet grouting of 2 orders lower
hydraulic conductivity than that of soil ground has
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almost the same effect on the decrease in discharge
and on the increase in Hc as the extension of the
sheet piling itself.
6

CONCLUSIONS

The effects of supplementary injection of jet grouting
under sheet piles on characteristics of seepage flow and
seepage failure were discussed for single- and doublesheet-pile-wall and circular-cutoff-wall conditions and
the following results were obtained:
(1) The hydraulic gradient, velocity and discharge
decrease with increase in the injected length of
jet grouting Dg .
(2) The critical hydraulic head difference between
up- and down-stream sides Hc grows larger with
increase in Dg .
(3) The jet grouting of 1 order lower hydraulic conductivity than that of soil ground has a smaller effect
on the decrease in discharge and on the increase
in Hc .
(4) The injection of jet grouting of 2 orders lower
hydraulic conductivity than that of soil ground has
almost the same effect on the decrease in discharge
and on the increase in Hc as the extension of sheet
piling.
(5) Regarding the thickness of jet grouting, 0.5 m has
an effect on the increase in Hc and over 1.0 m is
thought to be better in practice from the viewpoint
of reliability of construction.
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