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Boiling occurredwithin a braced cofferdam due to two-dimensionally
concentrated seepage ilow
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ABSTRACT: This paper reports a case study of boiling which occurred in an excavated base soil between
double sheet piles during dewatering for construction ofa conduit. Countermeasures against boiling are also
presented. Seepage flow analyses were carried out, stability with respect to the boiling was investigated, and
the following results were obtained: At this location, a sand layer is overlaid with a silty sand layer of low
penneability. In case of the layered soil of this type, head losses take place dominantly in the upper layer, and
a large seepage force then acts upward on soil particles. The seepage flow was concentrated in soil between
double sheet pile walls, and was in a one-dimensional state. As a result, boiling occurred in the bottom of ex
cavation within the walls. 'The safety factor for seepage failure dropped to one third of that in front of a single
sheet pile wall (assumed condition).

1 INTRODUCTION
Boiling occurred in an excavated base soil between
double sheet piles during dewatering for construc
tion of a box culvert. At the location, a sand layer is
overlaid with a silty sand layer of low permeability.
In cases of layered ground of this type, a large head
loss takes place dominantly in the upper layer, and as
a result a large seepage force is exerted upward on
soil particles, which was thought to be one of rea
sons of the_ boiling. The .TSG method -one of jet
grouting methods- was adopted in order to prevent
boiling in the subsoil during subsequent dewatering.
FEM seepage flow analyses were carried out. In this
paper, characteristics of seepage 'flow are discussed
and stability against seepage failure of excavated
ground is also investigated.
2 OCCURRENCE OF BOILING

I11 the Project of Yoshino River Downstream Inte

grated Agricultural Land Disaster Prevention

577Oha, a water channel of a box-culvert type 

North Main Canal- was constructed for agriculture.
The area is located in the western part of Naruto City
and forms a paddy field. The soil is typical of many
flood plains. Ir1 the Daiko area, boiling occurred in

excavated subsoil within double sheet piles. The

Daiko area is famous for lotus root production. The

surface water is on a high level, and the ground
water level (G.W.L.) is also relatively high.

Figure 1 shows the plan of the Daiko area. During

excavation, boiling occurred at points No.227 and
No.228+5m. After the boiling occurred, supplemen
tary borings Bo.5 and Bo.6 were carried out to a

depth of G.L. -20.0m. Here we considered the
ground condition at point No.227. Figure 2 shows

the soil profile of Bo.6 (near poirit No.227).

2.1 Summary of water-channel construction, mode
of _failure and countermeasures

The objective of the North Main Canal Work was to

construct a box culvert, 2.20mx2.2Om- in inside

,” l

width and height, and 0.30-0.35m in thickness. Fig
ure 3 shows the setup of a conduit at No.227. Soil
ground was excavated to the depth of 5.40m between
double sheet piles 12.0m deep and 5.20m wide. Fig
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Figure 1. Plan of the site (Daiko area).
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Figure 3. Setup of a conduit at point No.227.
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Figure 2. Soil profile (Bo.6 near point No.227).

ure 4 illustrates a cross section. Sheet piles were in
stalled through soil to the depth of 5.60m from the
bottom of excavation with one step of strut. Boiling

occurred within the double sheet piles when the
bottom of excavation reached G.L.' -5.40 (T.P. 
4.11m). T.P. represents the Tokyo Bay mean sea
level called Tokyo Peil.

Let us consider the mode _of failure at

No.228+5m, whereon 16th December 1992 excava
tion of 20m long was made using a sumping method.

Figure - 5 shows ithe occurrence of boiling at
No.228+5m. The discharge was small and could be
pumped out with only a 4-inch pump. On 17th De
cember 1992, water sprang out in several parts of the

excavation bottom. Cobbles were thrown in, but

water sprang out around the cobbles and control be
came impossible. Pumping was stopped and the ex
cavation pit filled with water. _Judging from the fact
that boiling occurred everywhere over the bottom of
excavation, it is thought that there were no abrupt
changes in the subsoil and uniform soil layers could
be expected. Boiling is not due to inhomogeneity of
soil, but due to a large head loss in less permeable
silty sand (the upper layer), in which the upward hy
drauljc gradient is larger than in permeable sand (the
lower layer). Soil was laid at both longitudinal ends
to take the role of a loaded filter. We guessed that
boiling did not occur due to three-dimensional con
centration of the seepage flow into the corner of ex
cavation, but did occur due to the two-dimensionally
concentrated seepage flow.

_ LH H T.P. _ 4.1_1

Sandy silt
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Silty sand
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Sand _ T.P. - 9.71
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Figure 4. Cross section and soil condition at point No.227.

The upper silty sand and lower sand layers were
greatly loosened by the boiling, and needed to be
improved. Voids in the upper layer were filled with
sands, and the lower layer was improved with the
J SG method -one of the jet grouting methods.

3 MODELING OF son. GROUND
Referring to the boring log (Fig.2), the soil ground
was modeled as shown in Figure 4. The subsoil was
constituted of impermeable sandy silt, less permeable
silty sand and permeable sand from top to bottom.
Ground water level was situated at G.L. -0.90m
(T.P. +0.39m). The bottom of the excavation was at
G.L. -5.40m (T.P. -4.11m), so the difference in hy
draulic heads between up- and downstream sides of
the sheet piles H was 4.50m. At boring Bo.6, particle
size analyses were made for the layered soils. Coef
ficients of permeablility (Fig.2) were estimated from
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Next judging from Figure 2, there is an abrupt
change in soil properties at G.L. -9.50 (T.P. -8.21m),_

because N values of laminated soils of fine sand,
silty fine sand and sandy silt are counted as 5-10

over G.L. -9.50m but 10-21 under G.L. -9.50m. Es
timated permeabilities by Creager (Fig.2) also show
a clear boundary of soils at G.L. -9.50m. We think
the ground is constituted of three layers of soils at
No.227 as shown in Figure 45 sandy silt over T.P. 
2.76m, silty sand from T.P. -2.76m to T.P. -8.21m
and sand under T.P. -8.21m.
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Figure 5. Occurrence of boiling near point No.228+5m.

the 20 percent diameters of soil particles (D20) using
Creager’s method (Creager et al., 1947). Creager’s
method is well applied to uniform sands. For natural

soils, on the other hand, particle sizes are not uni

form and densities are different in places, sopperme
abilities calculated from D20 represent no more than
an estimation. Seepage flow and seepage failure lar
gely depend on the permeablities of soils, so exact
permeabilities wererequired for seepage flow analy
ses. The three soils were sampled near the site, and
physical properties and coefficients of _permeability
were tested (Table 1), PG, is the specific gravity, U0 is

the uniformity coefficient, D50 is the mean grain
size e ,rand em-,, are the void ratios in loosest and
denseslfl states, and kg is the coefficient of perme
ability at 15 degrees centigrade. The ratio of perme
abilities of sand (of the lower layer) and silty sand
(of the upper layer) was about 7.41.
Table 1. Physical properties of soils.

Property Sandy silt Silty sand Sand

4 STABILITY AGAINST SEEPAGE FAILURE
OF SOIL
There are several methods for calculating stability
against seepage failure of (soil. Here we consider the

practical method by the Japan Road Association
(JRA ed., 1987): ffManual for Retaining Walls, Cul
verts and Temporary Works”. We assume that sub
soil is one-layered or uniform although it actually
consists of multiple layers. Using the Manual, the

F. -& <1>

safety factor with respect to_ boiling F, is defined as
H rw

where H (=4.5m) is the head difference between up
and downstream sides of sheet piles, D (=5.6m) is
the penetration depth of sheet piles from the bottom

of the excavation, y' is the buoyant unit weight of
soil, yw (=9.80 kN/m3) is the unit weight of water.
y' is not known, but is usually given as 7.84 - 9.80
kN/m3 for silts and sands. Equation (1) then gives
F,=1.99'- 2.49. According to this method, the sub
soil is still stable for seepage failure in case of ho
mogeneity assumption or assuming mono layered
soil. In fact boiling did occur, which shows that
more precise analyses are required to clarify the cau
se of the boiling.

5 SEEPAGE FLOW AND STABILITY
ANALYSES

Now let us consider the modeling of soil ground

G,
2.730
U, 2.753
49.8 2.739
2.77 1.89

and flow region, and discuss the safety factors

e,,,,,, - 0.775 0.706

5.1 Modeling of soil ground and flow region

D50
0.122
0.197
em 0.037
- 1.438
1.252

k,5 (cm/s) 5.191x10`6 1.583x10'3 1.172x10'2
Now consider the boundaries of soil layers. Judg

ing from the boring log (Fig.2), there is a definite
boundary of sandy silt and fine sand at G.L. -4.05m.

The boring log (Fig.2) says the soil under, G.L. 
4.05m (T.P. -2.76m) is fine sand, but it is indeed
classified as silty sand from the particle size analysis.

against seepage failure.

We assumed that the left and right boundaries are lo
cated at r = 57.75m from the center of double sheet
piles, for which the hydraulic head is constant and at

the same level as G.W.L. No impervious layer ap
pears under the ground, but we thought that an im
pervious layer was located at G.L. -24.71m (T.P. 
26.0m), which is 26.39m deep from G.W.L. or 5.1
times large as the excavation width 2b = 5 .2m.
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Figure 6. Finite element mesh (No.227).
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Figure 6 shows the finite element mesh with 2453
nodes and 2758,elements. The mesh size is fine in’
the center_between double sheet piles where velocity
vectors change drastically. The velocity vectors and
flow net are shown in Figures 7 and 8, respectively.
It is found from Figures 7 and 8 that concentration of
seepage flow occurs near the bottom of the excavation.

prism is lost, the prism rises up and collapses. In the

equilibrium of forces, the submerged weight of a
prism and excess pore water pressure on the bottom
of the prism are considered, but frictional forces and
cohesion on both sides are not considered. D (= 5.6
m) is the penetration depth of sheet piles. The safety
factoragainst rise of a prism F, depends on the depth

of the prism DO. The minimum value F, min =
5.2 Safety factors fer seepage failure

min{F_,; 0sD0sD} is then the safety factor for see
page failure of the soil FT. Here we calculate FS for

Here we consider the safety factors against seepage

D0 corresponding to the FEM mesh. FT (=_Fs mm) is

failure of soil using Harza’s method, Terzaghi’s

method and the Prismatic failure concept.
Harza (1935) thought the maximum exit gradient
is ‘a problem at the downstream surface of seepage
flow. Safety factor against boiling due to Harza F H is
defined as the ratio of the critical gradient for boiling
ic to the maximum exit gradient ie max, or

F H = -L. (2)
i

16 ITIBX

The maximum exit gradient ie max occurs in an
element adjoining to sheet piles, and ie max = 0.804.
The critical hydraulic gradient ic (=y'/yw ) is given
as 0.8-1.0, so the safety factor F H becomes 0.99-1.24.

Terzaghi (1948) considered -a prism of failure

4

given_ at the 8th step from the surface where the
bottom of the prism coincides with the boundary of
the two layers, and FT = 0.99-1.24.

According to the Prismatic failure concept (Ta
naka & Verruijt, 2000), 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 the prism is resisted by the sub
merged weight W’ and the frictions F L and F R on the

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

FS = W'+F,_ + FR l (3)
U_

adjoining to sheet piles, a width D/2 and a depth D0

For a hydraulic head difference H between up

(0sD0sD). When equilibrium of forces for the

and downstream sides, safety factors F, are calculat

ed for all of the prisms in front of sheet piles. The

safety factor F, takes the minimum' F, mi, for a cer
tain prism among all of the prisms. The calculation
is iterated for another hydraulic head difference H
until the condition that F, min becomes nearly equal
to 1.0. H = H, at which the condition F, mi, = 1.0 is
applied is defined as the critical hydraulic head dif
ference. The prism having a value of F,_,,,i,, = 1.0
among all of the prisms for H = H, is defined as the

Sheet pile wall

, (IV-type)

G.L. T.P. + 1.29

G.W.L. T.P. + 0.39
_ _ Bottom of
Sandy Sm excavation
1- T.P. - 2.76

/7

critical prism. We could say the critical prism is

T.P. -~4.11

separated from the underlying soil at its base when H

exceeds H,. Safety factors by the Prismatic failure
concept, in case of considering no friction F PN and
considering friction F pp, are given as F PN = 0.99
1.24 (No friction) and F PF = 0.99-1.24 (Friction), re
spectively. There is no difference between (No fric
tion) and (Friction). This is because the upward see
page flow through soil between double sheet piles is

Silty sand

g T.P, - 8.21
Sand T.P. - 9.71
(Unit m)

in a state of one dimension, residual effective

Figure 9. Single sheet piling condition assumed (No.227).

erted.

between 2DCflow and 2Dflow were discussed. Fig
ure 10 shows a finite element mesh which has outer

Table 2. Factors of safety against seepage failure calculated

boundaries of 55.0m in left- and 55.20m in right

Method No.227 (near Bo.6)

in Figures 11 and 12, respectively. It is observed
from Figures 7, 8 and Figures 11, 12, that seepage
flow ir1 2DCflow concentrates into the excavation

stresses vanish and no frictional resistances are ex

by various methods. V '

Harza 0.99-1.24

Terzaghi
0.99-1.24
Prismatic failure (No friction) 0.99-1.24

Prismatic failure (Friction) 0.99-1.24 '
Safety factors by all three methods give the same

value of F, = 0.99-1.24 (Table 2). It is concluded
that at point No.227 soil within the double sheet
piles was just in or near the critical condition for
boiling.

6 DECREASE IN STABILITY DUE TO znc

FLOW coNDrrroN
A higher`safety factor against seepage failure was

given by the JRS’ practical method than by the

Prismatic failure concept. This is thought to be due
to the assumption that the soil ground is in the single
sheet piling condition by the practical method. Here
we consider the decrease in stability due to the dou
ble sheet piling condition. When an excavation is
made in a small area with high G.W.L., seepage flow

is in a double sheet piling condition as shown in
Figure 4. On the other hand, in the case of an exca

vation in a large area, seepage flow is in a single
sheet piling condition as shown in Figure 9. The
double sheet piling, in which seepage water concen
trates into an excavation pit from both sides (two
dimensional concentrated flow or 2DCflow), is more

dangerous than the single sheet piling condition
(two-dimensional flow or 2Dflow). Assuming that
the soil ground is in the single sheet piling condition
(Fig.9), seepage flow and stability analyses were car

ried out, and the differences in flow and stability

hand sides. Velocity vectors and flow net are shown

bottom more strongly than in 2Dflow.
Table 3. Factors of safety against_seepage failure calculated
by various methods (Single sheet piling condition assumed).

Method No.227 (near Bo.6)

Harza 2.91-3.64

Terzaghi
2.87-3.58
Prismatic failure (No friction) 2.78-3.47
Prismatic failure (Friction) 2.87-3.59

Safety factors in 2Dflow (assumed) are summa
rized in Table 3. Tables 2 and 3 show that the safety

factors in 2DCflow are rather smaller than in 2D
flow, and are one third of those in 2Dflow for all of
the methods. So regarding 2DCflow as 2Dflow is
unreasonable from the viewpoint of a critical head
difference. Especially where the ratio of a half width
B to a penetration depth D is small, B/D = 0.464 for

this case, the safety factor for seepage failure de
creases excessively. Seepage flow then becomes
one-dimensional in subsoil between double sheet
pile walls, the subsoil becomes- “quick” and the
bearing capacity decreases in the critical condition.

7 CONCLUSIONS
Boiling occurred in an excavated base soil within a
braced cofferdam -double sheet piles- during de
watering for construction of a box culvert. The see
page flow within double sheet piles is referred to as

the two dimensional concentrated flow (or 2DC
flow), while seepage flow in front of a single sheet
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Figure 10. Finite element mesh (No.227, single sheet piling condition assumed).
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pile Wall is called two dimensional flow (or 2D

half width of double sheet pile walls and D is the

flow).

penetration depth of the walls.

The JSG method -one of the jet grouting meth
ods- was adopted for 'preventing boiling in subsoil,
and _boiling then did not occur during successive ex
cavation and construction of a box culvert during
subsequent dewatering.
FEM seepage ‘flow analyses were carried out and
the characteristics of seepage flow were discussed.
Stability against seepage failure of the bottom of ex
cavation was investigated, and the following results
were obtained:
(1) A permeable sand layer was overlaid with a less
permeable silty sand layer. A large head loss took
place dominantly in the upper layer, and as a result a
large seepage force was exerted upward on soil par
ticles.

(2) Seepage flow concentrated into soil between
double sheet pile walls in 2DCflow, and the upward
seepage flow through soil surrounded by the walls
was in a one-dimensional state.
(3) The safety factor against seepage failure of soil
within' double sheet pile walls (2DCflow) was one
third of the safety factor of soil in front of a single
sheet pile wall (2Dflow assumed).
(4) Especially where B/D is small, the safety factor
for seepage failure decreases excessively. B is the
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