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Abstract A finite element model based on continuum mechanics is 2stablished o simulaie the
seepage flow in embankment sojls with piping zone. Tka focus is glaced on the piping zone

length and permeability ratio ¥/k, and the influence on sespage flow. Main Euite element

F)

results are presented and discussed. Measures tor preventing piping lailures are presented.
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1 INTRODUCTION

In China unusual

flooding occurred

this year, large
in Yangtze River and
other rivers in the northern region and the
southern east regions of China. It was
reported that piping caused a number of
river embankment failures. The study on
the piping mechanism and mitigation
measures is therefore very important.
Failure by piping means that structures
on foundation soils have failed by the
apbparently sudden formation of a pipe-
shaped discharge channel or tunnel located
in the soils or between the soils and the
foundation. As the retained water rushes
out of the dam or embankment, the width
and depth of the

increases rapidly with time until equilibrium

water flow passage

in water flow and stability of surrounding
soil/structures are reached.
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There are two different processes of
piping failures. (1) Fine particles start to
come out at springs near the downstream
and proceed upstream along the base of the
foundation or bedding plane or existing
holes. Failure occurs as soon as a pipe-
shaped channel (or eroded hole) is formed
and a large amount of water comes out with
very likely collapse of foundation soils and
structures. This kind of failures is referred
to as failures by sub-surface erosion'l. (2)
Due to increasing hydraulic gradient in the
soil adjoining the downstream toe of the
structure, the effective stress in the soil is
reduced to zero and a large body of the soil
" boiling ”. The
structure may lose resistance or support and

suddenly rises up like

then collapse. The second kind of failures is
referred to as failures by heave.

The theory for calculation of the factor
of safety against failures by heave is well
established!~%1,

In this case , the factor of
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safety F is defined as F = W' /U where W' is
the total
(including surcharge if any) and U is the net

downward effective weight
upward pressure thrust. For uniform soils
without surcharge, F = i /i where ¢ is the
hydraulic gradient (usually in average), i.is
the critical hydraulic gradient and ¢, = y'/y,,
= (G,-1)/(1 4+ e)(y' is the buoyant unit
weight, y, is unit weight of water, G, is
specific weight of soil particles, and eis void
ratio).

But, the theory for the failures by sub-
surface erosion is not yet fully developed. It
is found that even the hydraulic gradient ¢ is
smaller than i., piping in the sub-surface
could occur. The failures by sub-surface
erosion are the main area of this study. It is
commonly understood that in the process of
sub-surface erosion failure, f{ine pearticles
come out through veids of coarse particles,
gaps between soils and structures or the
bedding pilanes. This movement of fine
particles caniot be simulated by numerical
models based on continuum mechanics.
Discrete element methods may be utilized in
this case. On the other hand, if we do not
simulate the fine particle movement, rather
than the seepage flow in the soils, the finite
element method based on continuum
mechanics is still valid. This is because that
once the fine particles move out of the soil,
the soil without fine particles remains and
can be still considered as continuum. The
soil without fine particles may have much
higher permeability. This consideration
justifies the use of a finite element method
based on continuum  mechanics for
simulation of seepage flow in soils with
piping channels.

Many factors may affect the formation
of piping failures and the seepage flow in
soils with piping channels, for example,
soil profiles , dimensions, boundary
conditions , soil permeability (linear or non-

linear ), degree of saturation, relationship

of water content and pressure ( or
storativity ), and stress-strain relationship
of soils. The focus is placed on studying
two factors: (1) the length of piping zone,
(2) ratio of permeability of piping zone over
the permeability of embankment soil. The
influence of the two factors on seepage flow
pattern, the maximum seepage velocity and
total seepage rate (or flux) are examined.
The results from this study may help us to
have a better understanding on the seepage
flow in soils with a piping zone and to

prevent piping failures.
2 FZX MODELLING

A firite elemeni (FE) program named
SEEP/W {i998) is used here to model
seepage flow in soils with piping zone.
Before discussing detailed FE modelling,
two points of the FE modelling shall be
mentioned :

(1) This FE model is not to simulate
the piping process, rather than the seepage
flow in soils when a piping zone has been
formed and stabilised. Therefore the fine
particle movement, permeability changes,
void ratio changes and likely multi-phase
flow in the piping zone are not considered in
this FE model. A piping zone may develop
This simplified FE model is
considered to be a practical approximation

in stages.

to the real seepage flow situation.

(2) In real situation, the piping zone
developed in the embankment soils may be
an irregular three-dimensional (3-D) body
and the seepage is 3-D in nature. However,
3-D finite element seepage modelling is very
time-consuming, expensive, and difficult.
The FE program SIGMA /W (1998) used in
this study is a 2-D program for 2-D seepage
analysis. This 2-D assumption may deviate
from the real complicated 3-D situation.
conclusions

However, observations and

from the 2-D FE modelling are believed to
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be similar to those of 3-D seepage flow and
are still of reference value. The above two
points have also been used in references [ 1,
27 on the modelling and explanation of
seepage flow in soils with a piping zone and
piping process.

Fig. 1 is a typical river embankment
(cross-section), FE mesh and boundary
conditions. In Fig. 1, the water table in the
river is at elevation + 29 m. The ground
surface outside the river embankment is at
+10 m. The river bed is at elevation -10
mPD. The embankment slope inside and
outside the river is all at 1. 5 ¢+ 1 (Horizontal
to Vertical ). The
elevation is +26 m. In the middle and up-

embankment top
part of the embankment, a vertical wall (2
m wide and 13 m high) is installed. Tle top
of the wall is at elevation - 32 m. The wall
has 6 m above the top of the cnibankment
and 7 m ouried in the enbankment.

Linear quadrilateral elements are used
for most soils. Linear triangular elements
are generally used in slopping area. Infinite
elements are used at the right side of the
domain, which
horizontally. The left vertical side of the

is considered very long

domain is considered to be centre line of
cross-section of the river. The right vertical

side , left vertical side and the bottom side
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Fig.1 Embankment profile, finite element
mesh and boundary conditions

are considered impermeable. Inside the
river, the boundary has a constant total
head of + 29 m, the same as the water
level. Outside the river, the water may
flow out of the embankment and is assumed
to flow on the slopping surface and/or the
surface ( probably

ground in drainage

channels or pipes in real situation ).

However, the exit point of the phreatic
surface is not known exactly. In SEEP/W
(1998), the boundary with possible exit
point of the phreatic surface is considered to
be a " review” boundary. The cumputer
program can automatically search for the
exit point and calculate the correct lecation
of the phreatic surface. Thus, the boundary
ou¢side the river is considered to be a
"review” Loundary.

The first task of the FE modelling is to
study the piping zone length and its
influence on seepage flow. A pipe zone is
assumed to develop gradually as shown in
Fig. 2. There is no piping zone in Fig. 2(a).
But the piping length increases
gradually from 21 m in Fig. 2(b) to 92.5m

in Fig. 2 (g) (through the embankment

zone

foundation soil). The length of the piping
zone is measured along the central line of
the piping progressing direction. The length
of the piping zone and the ratio of current
piping length over the final piping length
are listed in Table 1.

The
impermeable. The main soil is considered to

wall is assumed to be
be a typical clayey silts with a permeability
of ¥, = 107" m/s. The second task is to
study the permeability of the soil in the
piping zone and its influence on seepage
flow. Since fine particles in the piping zone
move out of the soil, the permeability of the
soil without fine particles shall be higher
than the Thus
permeability of the soil in the piping zone is

surrounding soil.

assumed to vary fromk =0. 1 m/s to ¥ =2
X107 "m/s (see Table 2). The ratio of k/k,
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is also listed in Table 2. (e) +20m F.L‘;E%;‘il’éi“’;'-'}”'.’.'m-x

a Flux Section
( ) _V+28m Phreatic surface
Flux=1. 82X10~*m*/s'm~! o v, =1.33X10""m/s

29m § Vow =4 50X10-"m/a
U} T4 | o 1. 48X 10-$m? fpem

(a)

Voex =2.43X10"'m/s
ux—l. 84X 10™*m?*/3*m™!

)
Phreatic Surface
©@ Vot28m ) O e o 16m/
® Flux=0. 07671m*/s -m™*
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Piping Zone g+l0m

Vou =7.59X10 "m/s
() VAN e, 60X 10~4m? /s om!
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Fig.2 Progressing of piping zone and increase
in maximum velocity and total flux-cases in
© @ (6), (©)) @), (&), (© and (&)
Vou =1. 21 X10-*m/,
(d) T2 e S 80X 10-*m* s em?
— Table 1 Length of piping zone and
main FE results
Piping Zone ¥ max Flux
Length Ratio
Length/m mes™! /mPesg~lem!
0 0 1.33X10~7 1.82x10°¢
21 0. 227 2.43X10"7 1.84X10°¢®
41 0. 443 7.59X1077 2.60X10-®
56 0. 605 1.21X107% 3.90%10*°
@ 76 0.822 2.46X10~¢ 8.04Xx10-¢
- 86 0.930 4.50X10"% 1.48X%X10-5

92.5 1 0. 023 15 0.076 71
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Table 2 Permeability of soil in piping zone

and main FE results

E/mes™t E/k, Vo Flox
/mes™? /mdeg=tem?
1X10~7 1.33X10~7  1.82X10~°
2X10°7 2 1.34X10~7  1.88X107°
1X107% 10 2.49X1077  2.24X107°
1X10-5 100 771107 3.33X10~¢
1X10-%  1X10¢  1.10X10-®  3.89X10-®
1X10=1  1X10°  1.21X10~®  3.90X10-"

The FE results and discussion are presented

in the following section.

3 FE RESULTS AND
DISCUSSION

3.1 Influence of Piping Zaone Length on

Seepage Flcvw

In this study, the permeability of the
soil in the piping zone is assumed to be ¥ =
0.1m/s. The piping zone length is listed in
Table 1. The main FE results are shown in
Fig. 2. The maximum velocity value and the
total flux (seepage rate) are presented in
Table 1. Fig. 2(a) shows the equipotential
lines, flow lines, seepage velocity vector,
and phreatic surface in the case of no
piping. It is noted that the equipotential
lines and flow lines are computed by SEEP/
W and they are not the flow net. In Fig. 2
(b), a piping zone is assumed (L =21 m).
It is observed by comparing Fig. 2(b) to
Fig. 2(a) that the flow pattern is changed
slightly, the maximum velocity magnitude
is increased from 1. 33X 107 "'m/s to 2. 43X
107"m/s. The total flux is changed little.

As the piping zone develops as shown
in Fig. 2(¢), (d), (e) and (f), notable
changes are: (1) the more water moves into
the piping channel with more and more flow
lines going through and near by the piping

channel, (2) the phreatic surface is

lowering down gradually, and (3) both

maximum velocity and flux increase
gradually.

When the piping zone is through, it is
noted as shown in Fig. 2 (g ) that the
phreatic surface returns to a higher level
closer to the position in Fig. 2(a). Nearly
all water flows in the piping channel with
relatively very large velocity vectors in the
piping channel and nearly invisible vectors
in other regions as shown in Fig. 2(g).

The relationships of the maximum
velocity and the total flux versus tlie piping
length ratio are shown in Fig. 3. The ratio 1
means the case in Fig. Z (g . it is seen that
when the piping zone goes tithrough the
both the

velocity and the total flux are increased

embankment  soil, maximum

drainatically.

¥
£
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Ratio of piping length over final piping length

Ve /M * 57! or Flux/m?

Fig. 3 Relationship of V u, and total
flux in logarithmic scale vs ratio of piping
length over final piping length

3.2 Influence of Piping Zone Soil
Permeability on Seepage Flow

The piping zone length in Fig. 2(d) is
fixed in this study. The permeability of the
soil in the piping zone is reduced gradually
from & = 0.1m/s in Fig. 4 (a) (or Fig. 2
(d)) tok = 2 X107"m/s in Fig. 4(e). The
values of permeability k¥ and ratio k/k, are
listed in Table 2. Fig. 4 shows the main FE
results. The maximum velocity value and
the total flux value are listed in Table 2. It
is seen in Fig. 2 that more and more water
flows into the piping channel as the ratio
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k/k,increases, see Fig. 4(e), (d), (c), (b)
to (a). The phreatic surface is lowering
down gradually as the ratio k /%, increases.
Fig. 5 shows the relationships of the
maximum velocity and the total flux versus
ratio k/k,. It is seen that when k/k, is 2,
both V. and flux increase little. But when
k/k, is 10, both V_, and flux increase
dramatically. But when k/k, is larger than
1000, bothV,, and flux increase less and
less. The dramatic increase in both velocity
and flux is an indication of high potential

for further piping zone enlarging.

Voar =1.21X10""m/s
Flux=3. 80X 10~*m*/s *m™*

a) kjk, =10°

y Ve =1.10X10'm/s -
| Fiux—s. 89X 10~ *m?/s+m?

(b)

(o) k/ks =10*
© ¥ +20m  Vam =7 T1X10-'m/s

——_J} Flux=3.33X10"*m?/s sm "}

(¢) k/ks =100

-1

*s8*m

Vo /m 371 or Flux/m?

“lor Flux/m® ¢s + m~!

Vo /m » 3

Ve =2, 49X 10~"m/s

Y +20m
A Flux=2. 24 X10~*m* /s sm~"

(d)

e’

¥ +10m

(d) k/k, =10

y Vems =1.84X10"m/s
d Flux=1.88X10~*m?/s em~}

(e)

(e) k/ko =2

Fig.4 Piping for of different permeability

ratio (k/k,)

5X107¢; :
I (a)
ax10-t] —~— V=

| —o—Flux
3x107*

10* 10 10°

Ratio of k/k,
(a) arithmetical scale

1077 ‘ . —

10 10°

Ratio of t/k,
(b) logarithmic scale
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Fig.-5 Relationships of V. and total flux
vs permeability tatio k/k. in logarithmic- V max

and total flux in (a) and (b)
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There is one in common in Fig. 3 and
Fig. 4, that is, more and more water flows
into the piping channel as both the piping
length and the ratio k/k, increase. This
phenomenon is called flow concentration.
This means that once a piping zone is
formed, this zone may become bigger and
bigger. This implies that the larger the
permeability ratio %/k,, the higher the
piping danger. Once a small piping zone
occurs, remedial measures must be taken to
prevent the piping zone from increasing.

4 PREVENT FOUNDATION
SOIL FROM PIPING
FAILURES

4.1 New Geotechnical Structures

For new gszocechnical structures,

careful considerations i design and
construction can preveit soils from piping
failures. Drainage filters shall be well
designed and constructed. In Hong Kong, it
is recommended that granular filters satisfy
at leastt:: (1) D5 (of filter soil}<C5 X D g
(of fine soil to Dbe retained )-retention
criterion; (2) D5 (of filter soil) > 5 X Dy
(of fine soil to be retained )-permeability
criterion; where D5 (or Dg ) is the particle
size at which 15% (or 85%) of the soil
(filter soil or retained soils) is smaller. The
retention criterion means that the pores in
the filter must be small enough to prevent
infiltration (or moving out ) of the fine soils
being drained ( of retained ). The
permeability criterion means that the filter
must be much more permeable than the
material being drained (or retained).

For geotextile filter, the criteria areft,

(1) 0,5 (of geotextile filter) < Dg; (of
fine soil to be retained)-retention criterion;
(2) Oy (of geotextile filter) = D5 (of fine
soil to be retained)-permeability criterion;

where 05 (or Og ) is the particle size at

which 15% (or 90%) by weight of particles
are retained on the geotextile upon dry
sieving using ballotini (glass beads).

Except for the filters, the segregation
of fine particles from coarse particles shall
be prevented so that the permeability ratio
of the adjacent soils is less than 2. The
hydraulic gradient shall be smaller than the
critical hydraulic gradient with a safety
factor of 1. 5~2.

4.2 Existing Geotechnical Structures

If a geotechnical structurc ( deep
excavation or river embzinkmeni) has been
built and initiai piping is obsscrved, the
following r:easurss may bhe taken to prevent
piping from further development :

(1) To reduce the hydraulic gradient
and seepage quantity in the foundation
soils. For example, in the case of deep
excavation, sheet-piles (diaphragm wall or
other similar structures) shall be installed
deeper to reduce hydraulic gradient and
seepage quantity. For river embankment,
impermeable (or less permeable) structures
may be driven in the embankment to reduce
seepage flow. Geo-membrane may be laid
on the embankment slope facing the river to
reduce seepage quantity.

(2) To increase the resistance or
strength against piping failure and overall
stability of the structures. For example, in
the case of deep excavation, counter-weight
(normally granular soils and concrete) with
filters may be constructed step by step at
the bottom of the excavation to increase
resistance to failure of piping heave. In
other cases, quick chemical grounting and
installation of structures (or piles) may be
used.

The above measures are not exclusive.
Development of new materials and new
methods for preventing piping is an
interesting area of research.



+ 686

BENESTRER

1998 4

5 SUMMARY

In this paper, a FE model based on
established to
seepage flow in the

continuum mechanics is
simulate the
embankment soils with piping zone. The
focus is placed on the piping zone length and

increase in both the maximum velocity and
total flux is observed. But when k/k ratio is
larger than 100, the increase is getting less
and less.

Measures for preventing soils from
piping T hese
measures may be adopted depending on

failures are presented.

specific situations.

permeability ratio k¥/k, and the influence on
Main FE

presented and discussed.

REFERENCES

seepage flow. results are

Based on the
results, it is found that the larger the piping 1 Terzaghi K, Peck R B, Mesri G. Soil Mechanics in

length and/or the k/k,,ratio, the more water Engineering Practice (3rd Edition). New Ysik.; John

Wiley & Sons, Inc. , 1996
2 Cederseen H R. Seepage, Drainage, and Flow Nets (3rd
Edition). Now Yoric; John Wiley & Sons, Inc. , 1989
CEFPW. SEEP/W program and manual(Version 4. 2).
Calgary, Canzdas Geo-Slope International Ltd. , 1998

flows toward or into the piping zone (or
channel), in other words, the more water

flow concentration near the piping zone. It

o

is also found that both the maximum

velocity and total flux increase as the jpiping 4 Cootechnical Engineering Office. Geoguide 1; Guide to

Retaining Wall Design (Second Edition). Hong Kong:
When k/k, ratio is 2 -~ 100, a dramatic 1993

zone length and/or the &/, ratio increase.

PELATEFESBERMTIESS
- BtrEFeERREHF

HYEIATEZERERM T ITES &30, TEHERLRARAMTEERRARATARSHES
RS EUEM L MRE R T TR EBHERITRET 1998 4 10 § 17~20 HEHRIHE
FERRE BRI B Z AP AT . R4 1996 4 10 AERRHBANBENLEERZE, X—KRELL
EhLEERE R T TRHRREASN.

¥ HEESHETMRT. LA RRRL 400 FEE, RIEEMRESMT £ BRTEEH.
HHEZ XM — KRR ES,

&Lk, EPURTURKEAN. GRBERESIEEZRSWE T TEMRE, FoRTREET.
HTEGE . HTEME. ERSBHK RREE S5 5 0 25T TFRTR ST

XK VGRST 6 HRTIEFE AL (TBM) FE T A R E B I SRBE R E — RIS BB I BT T HoAR
BT THEIMH . XAERE LK 18. 456 km, LR EHBK WK RRE, BREEKE LHH 20 1
IR L%

SRR BT T¥#SBUER FEES, RETH - BEXAE, FERNERASELELERETFK,
RIS+ — RAE QBB RIS AT T 315t .

G s a4k48)



