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Determination of Critical Head in Soil Piping
C. S. P. Ojha, M.ASCE1; V. P. Singh, F.ASCE2; and D. D. Adrian, F.ASCE3

Abstract: One of the main mechanisms of failure of levees is a phenomenon called ‘‘piping,’’ which generally begins with the form
of a sand boil at the leeward side of the levee, and has been frequently observed to proceed upstream along the base of the lev
a slit formation. The issue of most important concern is to estimate the critical head that could promote the occurrence of
Considering the flow through porous media and coupling it with Bernoulli’s equation and a critical tractive stress condition, a m
developed for the critical head. Using appropriate transformations, the proposed model takes on a form which supports Bligh’s e
findings. Another model based on critical velocity is also developed to estimate the critical head. The functional form of these two
is evaluated using the critical head versus porosity data from a number of laboratory studies conducted in the Netherlands. Thes
were found to perform better than did Terzaghi’s model.

DOI: 10.1061/~ASCE!0733-9429~2003!129:7~511!

CE Database subject headings: Head, fluid mechanics; Levees; Seepage; Tractive forces; Salt water intrusion; Porous m
Hydraulic models.
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Introduction

Levees have been built for flood control, irrigation works, recre
ation activities, prevention of saltwater intrusion, and navigation
Levee failures are common and are caused by a multitude
factors, such as poor construction, inadequate design, piping, a
improper maintenance, to name but a few. The phenomenon
piping is commonly observed under levees, and involves subsu
face erosion of soil particles in the land-facing zone of levees~see
Fig. 1!. Piping is a form of seepage erosion and refers to th
development of subsurface channels in which soil particles ar
transported through porous media. Piping begins at the land
facing side of the structure where the flow lines converge. High
seepage pressure may force a slit to develop; then the process
erosion develops backward under the levee, and if the proce
continues, the structure may be undermined and collapse.

Based on a large number of failures due to piping, Bligh
~1910! proposed empirical rules for preventing piping. Bligh’s
work is considered to be pioneering, in that it was supported by
large number of field studies. Since the work of Bligh~1910!,
limited attempts have been made to develop alternative models
piping with a view to providing a theoretical basis for Bligh’s
empirical rules. Lane~1935! developed another set of empirical
rules to safeguard structures against piping. Based on their exp
rience with the U.S. Army Corps of Engineers, Turnbull and Man-
sur ~1961a,b! summarized flood-induced seepage under levee
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Peter ~1974! examined the conditions leading to piping in th
subsoil and near levees in the Mississippi region in the Unit
States and in the Danube region in former Czechoslovakia, H
gary, and Yugoslavia. Khilar et al.~1985! developed criteria for
piping in clayey soils. Meyer et al.~1994! and Budhu and Gobin
~1995! also addressed the problem of seepage erosion and
sented case studies. Meyer et al.~1994! stated that there was a
distinct lack of models dealing with the piping phenomenon.

Using analytical as well as numerical solutions of the unde
lying flow domain beneath a structure, Sellmeijer~1988! provided
an expression for the critical head which should not be excee
to avoid failure due to piping. Sellmeijer’s work with relevan
details is also available from Sellmeijer and Koenders~1991!.
Without emphasizing the need for another model, Weijers a
Sellmeijer ~1993! proposed a modified equation for the critica
head. Based on the agreement between his model and tha
Bligh ~1910!, Sellmeijer ~1988! reasoned that his model was
suitable model. However, his model does not convert to Bligh
model and therefore it is difficult to interpret the Sellmeijer mod
as providing a theoretical basis to the Bligh model, because
two models have different forms. Thus, there is a need for t
development of an alternate model for critical head computatio
which may faithfully mimic the role of different parameters with
regard to the critical head.

The objective of this study was to undertake a comparat
evaluation of two equations proposed by Sellmeijer and his as
ciates, and to develop a critical head model that would provid
theoretical basis for Bligh’s empirical model. For the purpose
developing the critical model, the Carman-Kozeny head lo
model for flow through porous media~Rich 1961! as well as a
capillary flow model~Thevanayagam and Nesarajah 1998! were
employed.

Review of Literature

The analysis of the seepage zone below hydraulic structures
been extensively reported in the literature~Harr 1962!. The equa-
tion describing the flow field is the Laplacian equation in th
velocity potentialf, expressed as

,

ns
y

-
is
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]2f

]x2
1

]2f

]y2
50 (1)

wherex is measured left along the base from the point of sa
boil occurrence~see Fig. 1!, andy is measured downward fromA.

Although the solution of such an equation subject to approp
ate boundary conditions can lead to evaluation of uplift pressu
at any point on the base of the structure, several attempts h
been made to assess the critical head, which is essentially
height of the stored water in the reservoir up to which the levee
safe against downstream erosion or the effect of piping. Amo
several studies on estimation of the critical head, the work
Bligh ~1910! is considered seminal and is widely used in th
Netherlands and other countries~Sellmeijer 1988!. Analyzing a
large number of failures from field studies, Bligh~1910! proposed
that

L

Hcrit
5E (2)

whereL5 length of the base of the levee perpendicular to the flo
in the river; andHcrit5critical head. The value of the ratioE
depends on the type of material and is given for four differe
types of materials in Table 1. Bligh~1910! assumed that the seep
age path was mainly concentrated near the base of the struc
and thusL in Eq. ~2! refers to the base length of the levee.

Another useful work, which accounts for the vertical move
ment of flow lines and anisotropy of the porous medium, is b
Lane ~1935!. Meyer et al. ~1994! modified Lane’s criteria by
making use of horizontal and vertical permeabilities. The work
Bligh and Lane is noteworthy for stimulating interest in the pip
ing phenomenon~Arulanadan et al. 1975; Peter 1982; Arulanada
and Perry 1983; Khilar et al. 1985!. Considering the equilibrium
of forces in the soil, Terzaghi~1929! ~also refer to Peter 1982!
proposed the following equation for the critical hydraulic grad
ent:

i c5
~gs2gw!

gw
~12n! (3)

Fig. 1. Definition sketch

Table 1. Bligh’s Thumb Rules for ObtainingL/Hcrit(5E) Sellmeijer
1988

Type of foundation material E

Riverbeds of light sandy sand 18
Fine micaceous sand 15
Coarse-grained sand 12
Boulders or shingle and gravel and sand 5–9
512 / JOURNAL OF HYDRAULIC ENGINEERING © ASCE / JULY 2003
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where gs5specific weight of soil;gw5specific weight of the
water; andn5clean bed porosity.

Using a capillary model, Khilar et al.~1985! suggested the
following equation for evaluation of the critical gradienti c

(5Hcrit /L):

i c5
tc

2.828S n

K D 0.5

(4)

where n5porosity; K5hydraulic conductivity; andtc5critical
shear stress. In the case of clays, a maximum value ofL/Hcrit

equal to 40 has been recommended by Khilar et al.~1985!. This
value of the gradient is also the maximum value in the pinhole
test ~Sherard et al. 1976!, which is used to identify dispersive
soils.

Sellmeijer ~1988! considered the development of a slit~see
Fig. 1! as an important parameter for computing the critical head
The slit should not grow to support the occurrence of piping
Considering the limiting equilibrium analysis of forces within the
sand boil and slit, Sellmeijer~1988! proposed the following equa-
tions.

In the sand boil

gw

gsub
1

p

q
cotF51 (5)

and

h5
P

q
(6)

where gsub5submerged unit weight of soil5(12n)gp2ngw ;
gw5unit weight of water;gp5unit weight of soil particles;n
5porosity; p5]f/]x; q52]f/]y; both derivatives are aty
50; h5height of sand boil;F5 internal friction angle; andP
5f(x,0). The submerged unit weight of soil is directly obtained
by recalling that the total volume of a soilVt is made up of the
volume of voidsVv and the volume of particles or solidsVs .
Thus,Vt5Vv1Vs and the porosityn5Vv /Vt . When the soil is
submerged, one can write forgsub,soilVt5gwVv1gpVs , which
when divided byVt givesgsub.

In the piping channel~Sellmeijer 1988!

Cq1pS 3

ph

a

d
11D cotF5

gp

gw
(7)

pa3512kQ (8)

In Eqs. ~7! and ~8!, C andh5coefficients;a5width of the slit;
d5median particle size;gp5unit weight of submerged particles;
and k5 intrinsic permeability. Q and q are related asq5
2dQ/dx or the discharge gradient specifying the flow variation
in the x direction.

Based on analytical and numerical solutions of Eqs.~1! and
~5!–~8!, Sellmeijer ~1988! concluded that the critical condition
occurs when the slit length approaches one-half of the bas
length, and then the critical headHcrit is given by

Hcrit5c*
gp

gw
tan~u!@120.65~c* !0.42#L (9)

where

c* 50.25phS 2d3

kL D 1/3

(10)

and
03, 129(7): 511-518 
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k5
y

g
Kh (11)

In Eqs.~9!–~11!, u5bedding angle or angle of repose~degrees!;
h5drag coefficient;L5seepage length;y5kinematic viscosity;
andg5acceleration due to gravity.

In a subsequent modification, Weijers and Sellmeijer~1993!
suggested the following expression for computation of the critica
head:

Hcrit5ac**
gp

gw
tan~u!~0.6820.10 lnc** !L (12)

with

a5S D

L D b

, b5
0.28

@D/L#2.821.0
(13)

and

c** 5hS d70
3

kL D 1/3

(14)

whereD5thickness of soil layer; andd70570% finer~by weight!
grain size diameter. Eqs.~13! and ~14! were also tested using
experimental data. However, the results were reported to be sa
isfactory in supporting only limited experimental observations.

Evaluation of Existing Relationships

Inspection of Eqs.~9! and~12! indicates that these two equations
are similar with some differences in the functional representatio
of c* or c** . For comparative purposes, a situation with very
large values ofD for which a tends to unity is considered. The
two functions, which are different in the proposed equations, ar
rewritten as

f 15c* @120.65~c* !0.42# (15)

and

f 25c** ~0.6820.10 lnc** ! (16)

In Eqs. ~15! and ~16!, based on comparative evaluation of Eqs.
~10! and ~14!, c* andc** are found to be related as

c* 50.989c** (17)

Table 2 indicates that, depending on the values ofc* or c** ,
these two functions can differ appreciably from each other an

Table 2. Comparative Evaluation of Eqs.~15! and ~16!

c Eq. ~15! Eq. ~16!

0.00001 9.84E206 1.83E205
0.0001 9.76E205 0.00016

0.001 0.00095 0.0014
0.01 0.009 0.011
0.02 0.017 0.021
0.05 0.040 0.049
0.1 0.075 0.091
0.2 0.133 0.17
0.5 0.255 0.37
0.6 0.284 0.44
0.7 0.307 0.50
0.8 0.325 0.56
1 0.349 0.68
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thus the utility of these equations becomes questionable. This a
signifies the need for the development of an alternative model
computation of the critical head. Eq.~16! always yields higher
values of the critical head when compared with Eq.~15!.

Development of Critical Head Model

Use of Head Loss Model through Porous Media

The proposed approach utilizes a head loss model through por
media and a critical tractive force model to describe the initiatio
of motion of media particles. Among the popular models of hea
loss for flow through porous media, use is made of the Carma
Kozeny head loss model~Rich 1961!. To describe the head loss
hf through a porous medium, this model can be expressed as

hf5 f S L

fdD S 12n

n3 D S Vs
2

g D (18)

wheref 5coefficient of friction;f5shape factor51 for spherical
particles;n5porosity of bed;g5acceleration due to gravity; and
Vs5mean flow velocity. It should be noted that Eq.~18! is similar
to the Darcy-Weisbach equation commonly used in pipe a
channel flow. In Eq.~18!, f is given by

f 5150
12n

NRe
11.75 (19)

In Eq. ~19!, R is the Reynolds number and is given by

R5
fdVs

y
(20)

For R up to 1~for laminar flow! andn50.4, the term containing
R in Eq. ~19! is as high as 90 and thus the term 1.75 can b
neglected without much loss of accuracy.

Another aspect of the development of a critical head model
the use of a relationship of critical tractive stress. When a flu
flows through a porous medium, it exerts a shear stress on
porous media particles. As this shear stress increases, there
limit beyond which a further increase in the shear stress will le
to transport of particles. This limiting shear stress is also know
as critical shear stress. For erosion of soil particles to take pla
it is evident that the shear stress acting on these particles m
exceed the critical shear stress. For clay particles, the criti
shear stresstc used by Khilar et al.~1985! is

tc510d50 (21)

In Eq. ~21!, tc is in g/m2 and d50 is in mm. Eq. ~21! was
originally proposed by Lane~Khilar et al. 1985! for sand par-
ticles. The variation of critical shear stress is generally nonline
with d ~Swamee and Ojha 1994!. However, within smaller inter-
vals, the shear stress can still be described using a linear mode

tc5cd50 (22)

wherec is a coefficient which may vary withd. In the case of clay
particles, electrical attractive forces and electrical repulsive forc
influence the intergranular stress and thus these forces may
influence the magnitude ofc in Eq. ~22! or the functional depen-
dency of shear stress on the particle diameter. However,
granular soils, silts and clays of low plasticity, the magnitude
electrical attractive forces and electrical repulsive forces are sm
and for all practical purposes, these can be neglected~Das 1983!.
Thus, for the present work in which a macroscopic view
adopted to describe the initiation of motion of particles, Eq.~22!
JOURNAL OF HYDRAULIC ENGINEERING © ASCE / JULY 2003 / 513
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is considered for subsequent use because of simplicity. Neverth
less, it is acknowledged that the representation of the critic
shear stress acting on particles in a porous medium is not t
same as it is in open channel flow. In fact, it is quite likely tha
pressure forces may be more dominant when compared with t
velocity forces. It is well known that the shear strength of the so
is dependent on integranular effective stress, cohesion, and
angle of internal friction. Thus, the representation of shear stre
versus particle diameter may not be as simple as given by E
~22!.

Under the assumption that the flow through porous med
~below the levee! can also be idealized as an assemblage of flow
through a network of parallel pipes of diameterd ~equal to the
mean grain size!, it is possible to compute certain characteristic
of such flows, including the shear stresst acting at the wall of the
pipe, which can be expressed as~Albertson et al. 1964!

t5gw

d

4

]h

]x
(23)

Using Eqs.~22! and ~23!, an estimate of the maximum permis-
sible gradient ofh with x or hf /L, or hf , can be obtained as

hf5
4c

gw
L (24)

The coefficientc is introduced to accommodate various types o
materials, such as sand, silt, and clay.

The head loss model involves the velocityVs . Applying Ber-
noulli’s theorem between the upstream water surface and to t
point of the sand boil occurrence, an expression for velocityVs

can be written as

Vs5A2g~H22hf ! (25)

where H25depth of water standing at the levee; andhf5head
loss in the pipe~see Fig. 1!.

Since the additive term 1.75 in Eq.~19! is not significant in
influencingf at the lowerR values, it can be dropped to simplify
the expression forf. Furthermore, substitution ofR from Eq.~20!
with a shape factor of unity simplifies the expression forhf in Eq.
~18! as

hf5
150y

gd S L

dD S ~12n!2

n3 D Vs (26)

Substituting forVs from Eq. ~25! into Eq. ~26! leads to a
quadratic expression inhf

hf
212ga1

2L2hf22ga1
2L2H250 (27)

where

a15
150y

gd2 S ~12n!2

n3 D (28)

Eq. ~27! is a quadratic equation whose solution yields to the fol
lowing real root ofhf :

hf52ga1
2L21Ag2a1

4L412ga1
2L2H2 (29)

Substituting forhf from Eq.~24! into Eq.~29! and solving forH2

leads to the following expression for the critical head:

H25Hcrit5
16c2

2ggw
2 a1

2
1

4cL

gw
(30)

or
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Hcrit5
16c2gd4

45,000y2gw
2

n6

~12n!4
1

4cL

gw
(31)

Eq. ~31! can be rearranged as

L

Hcrit
5

gw

4c F11
4cgd4

45,000y2gw

n6

~12n!4

1

LG21

(32)

For

4cgd4

45,000y2gw

n6

~12n!4

1

L
!1 (33)

and expanding Eq.~32! using the binomial theorem, neglectin
the second and higher order terms in the binomial expansion,
obtains

L

Hcrit
5

gw

4c F12
4cgd4

45,000y2gw

n6

~12n!4

1

LG (34)

Eq. ~34! is similar in appearance to Bligh’s empirical relation. F
finer particles the bracketed term will be very nearly 1. In the c
of coarse particles, the bracketed term of Eq.~34! will also be less
than unity ~as d is increased!. This result may lead toL/Hcrit

being smaller in magnitude for coarse particles than it is for fin
particles if the value ofc is assumed to be not very sensitive tod.
If one compares this behavior with Table 1, which gives the v
ues of the empirical rules of Bligh, a similarity can be foun
With c510 kg/m3 @Eq. ~21!# andgw51,000 kg/m3, for very fine
particles,L/Hcrit approaches 25. It can be seen that this limit
not significantly far from what was suggested by Bligh~1910!.
With the increase ind, this ratio decreases, as also manifested
Table 1.

Use of Critical Velocity Concept

The concept of critical velocity has been popular in the literatu
on sediment transport. If the flow velocity exceeds the criti
flow velocity Vc one should expect initiation of the motion o
particles.Vc can also be expressed as~Garde and Ranga Raju
1985!.

Vc5Atc

r
5Acd

r
(35)

Using Eq.~35! in Eqs.~25! and~26!, the following expression for
the critical head, which corresponds toVs5Vc , can be obtained:

Hcrit5
cd

2gw
1

150y

gd S L

dD ~12n!2

n3
Acd

r
(36)

Evaluation of Performance

To evaluate the performance of the models developed, us
made of the critical head versus porosity observations reporte
Weijers and Sellmeijer~1993! for a variety of sands. Although the
details pertaining to the size of the different sand types a
lengths of the dike are not given, it is believed that the auth
might have used the same set of other variables, i.e., length o
leveeL, diameterd, and a fluid with the same kinematic viscosi
and mass density, while presenting the influence of porosity
the critical head. Going through the literature, it is clear that
information is available on the quality of data reported by Weije
and Sellmeijers~1993! and used by a number of other investig
tors. It is assumed that the data are of acceptable quality. Eqs.~31!
03, 129(7): 511-518 
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and ~36! are considered for their ability to account for porosity
variations. To proceed further, Eq.~31! can be written in a general
form as

Hcrit5a
n6

~12n!4
1b (37)

with

a5
16c2gd4

45,000y2gw
2

and b5
4cL

gw
(38)

Similarly, Eq. ~36! can be written in a general form as

Hcrit5a
~12n!2

n3
1b (39)

with

a5
150y

gd S L

dDAcd

r
and b5

cd

2gw
(40)

Assuming that the parametersa andb are the same in each of the
Hcrit versusn figures of Weijers and Sellmeijer~1993!, corre-
sponding to the observed values ofHcrit , the objective was set to
minimize the following error functionR2:

R2512
(~Hcrit,observed2Hcrit,estimated!

2

(~Hcrit,observed2Hcrit,average!
2

(41)

In Eq. ~41!, the symbol( represents the summation for all the
values of a particular model output. Table 3 contains the digitize
data from the graphs ofHcrit versusn presented by Weijers and
Sellmeijer ~1993!. Using these data, Figs. 2 and 3 were con
structed. The best linear fit equations in respect of the prese
model along with the coefficient of determination (R2) are given
in Table 4. Higher values ofR2 associated with the present mod-
els reflect the fact that their functional dependence on the poros
is acceptable. For comparative purposes, the utility of function
representation of other models can also be examined. As t
Khilar et al. ~1985! model is for clay, this model was not consid-
ered. In view of Eq.~3!, a model relating the critical head to the
term (12n) was also calibrated for three types of sand data
Needless to say, the fit was not good as it was characterized
very low values ofR2. This comparison indicates that Eqs.~37!
and~39! are superior to Eq.~3! in terms of the functional depen-
dence on porosity for a piping situation.

Table 3. Porosity and Corresponding Observed Critical Head fo
Different Sand Types~Weijers and Sellmeijer 1993!

Type of sand Porosityn Critical head~m!

Dune sand 0.352 0.370
0.355 0.340
0.363 0.270
0.370 0.245
0.390 0.220
0.410 0.165

River sand 1A 0.35 0.40
0.36 0.36
0.37 0.30
0.39 0.20

Coarse sand 0.32 0.78
0.34 0.66
0.37 0.44
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Results and Discussion

Inspection of Figs. 2 and 3 and Table 4 indicates that the propos
model, based on Eqs.~37! and~39!, is capable of accommodating
the variation in porosity. On the contrary, a capillary-flow-base
model lacks any sensitivity to porosity variations~see the Appen-
dix! and its use is thus not justified.

Soils normally consist of particles of different sizes. In a flood
event, it is likely that, depending on the available head, fine
particles get washed away. This increases the effective diame
and the porosity, which lowers the permissibleL/Hcrit value.
Thus, in the next event, if a flood of the same stage occurs, th
probability of failure will certainly be on the higher side. The
present model reflects this behavior. In view of Figs. 2 and 3,
one has an idea about the change in porosity, the critical head c
be computed, corresponding to a new value of porosity. Thus, th
present model can be utilized to plan safety measures. In su
cases, Bligh’s rules cannot be used, for they are independent
porosity for any such planning.

Fig. 2. Calibration of present model@Eq. ~37!# for dune sand, river
sand IA, and coarse sand data. Variation of critical head with porosi
term in ~top! Eq. ~37!; ~center! Eq. ~31!; and ~bottom! Eq. ~31!.
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Fig. 3. Calibration of present model@Eq. ~39!# for dune sand, river
sand 1A, and coarse sand data. Variation of critical head with poros
term in ~top! Eq. ~39!; ~center! Eq. ~37!; and ~bottom! Eq. ~37!.
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Considering the similarity of the behavior of the propose
model with the empirical rules of Bligh~1910!, and its ability to
calibrate reasonably well the observed critical heads for differe
sizes of particles in the experimental data from the Netherlands
is expected that the present work will offer a better understand
of the piping phenomenon. Also, there remain many unresolv
issues including the consideration of the depth of the underly
formation, role of the slit, sensitivity withc, etc., in the analysis
and further calibration as well as development of the propos
model beyond laminar flow range merit attention in the futur
The relationship between model parameters and calibration co
ficient could not be established in the present investigatio
largely because full information about the soil types and sufficie
quantity of data are lacking. For all three types of sand, the va
of a was not always positive, which must be as is apparent fro
Eqs.~38! and ~40!. The value ofa is positive only in the case of
coarse sand and that too with the use of a critical head mo
based on the critical velocity concept. The nature ofa is found to
be highly sensitive to the porosity term. For example,a becomes
positive if the porosity term is taken as the inverse of the o
reported in Eq.~37!, for the porosity terms in Eqs.~37! and ~39!
are the reverse of each other. This fact is also supported by ex
ing head loss equations~Rich 1961! which differ considerably in
terms of their representation of the porosity term. Thus, the infl
ence of the use of different head loss expressions will constit
the subject of subsequent investigations. One of the key issue
this work has been to study the variation of the critical head w
porosity, and it is interesting to see that Eqs.~37! and ~39! per-
form better than Eq.~3!. Between Eqs.~37! and ~39!, Eq. ~39!
appears to be a better choice as the model parameters assoc
with the porosity term are always positive. For three types of sa
considered here, the variability between these model parame
is also less.

The model parameterb also happens to be positive for the
coarse sand data with the use of Eq.~39!. However, the errors
inherent in the data may also lead to a change in the sign of thb
parameter. It appears that with the availability of additional da
in future, the relative merit in using Eq.~37! or Eq. ~39! can be
better judged. It is noted, however, that the piping phenomenon
also dependent on the intergranular soil stresses, which have
been considered in the present analysis. It is possible that,
cause of this simplification in the present analysis, the positiv
of the model coefficients has not always been preserved.

In the proposed model, the length of the seepage path has b
considered as the base length of the structure. However, pip
need not necessarily follow along the base of the structure.
fact, the word ‘‘piping’’ may sometimes refer to the removal o
soil along discontinuities in an earthen structure or its foundati

ity
Table 4. Calibrated Model Parameters and Error Statistics

Model type Type of data Calibrated equation R2

Present@Eq. ~37!# Dune sand Hcrit526.1462@porosity term of Eq.~37!# 10.3883 0.7855

River sand 1A Hcrit5213.123@porosity term of Eq.~37!# 10.5282 0.9872

Coarse sand Hcrit5229.541@porosity term of Eq.~37!# 13710.915867 0.9479

Present@Eq. ~39!# Dune sand Hcrit50.0409@porosity term of Eq.~39!# 20.0489 0.9172

River sand 1A Hcrit50.0569@porosity term of Eq.~39!# 20.1509 0.9874

Coarse sand Hcrit50.0543@porosity term of Eq.~39!# 10.0284 0.9782

Terzaghi Dune sand Hcrit50.43 (12n) 0.2212

River sand 1A Hcrit50.50(12n) 0.1062

Coarse sand Hcrit50.96(12n) 0.2595
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~Van Zyl and Harr 1981!. An analysis of discontinuities within the
structure or foundation is beyond the scope of this paper. How
ever, whenever flows occur through such discontinuities, thes
can always be idealized as pipe flows, and the length of suc
paths can be used in place of the base length of the structure.

One of the assumptions of the study has been the use of t
atmospheric pressure at pointA in Fig. 1. This is a reasonable
assumption when there is no depth of water available. However,
a certain flow depth is available in the land-facing side of the
levee, the pressure term, equal to the specific weight of wate
times the flow depth, must be included in the energy equation.

The present study refers to only one type of seepage erosio
The literature also refers to other types of seepage erosion, su
as heave and internal erosion. Heave is the upward movement
soil when subjected to a high seepage gradient in the vicinity o
the exit flow. Heave is generally analyzed by considering a ba
ance of upward seepage force and the submerged weight of t
soil ~Van Zyl and Harr 1981!. Similarly, in the process of internal
erosion, finer particles may migrate locally to a coarser layer lead
ing to the formation of a cavity. To avoid seepage erosion, a
three types of seepage erosion should be investigated under
given hydraulic gradient. In this study, an attempt was made t
address various issues related to the piping phenomenon. It mu
be emphasized at this point that by solving the Laplacian equatio
alone one cannot predict the occurrence or other relevant deta
of different types of seepage erosion.

Conclusions

A physically based model for computation of the critical head is
developed, which also provides a theoretical basis for Bligh’s
~1910! empirical rules. The critical head is found to depend on the
length of the structure, and soil and fluid properties. Highly po
rous soils have lower values of length to the critical head ratios i
comparison to the less porous soils. The case similar is with larg
particles, which show a higher permissible critical head when
compared with finer particles. The model developed mimics th
characteristics of Bligh’s rules, which are based on a large num
ber of field studies. The functional form of the model seems con
sistent, as seen from its calibration against the available critica
head versus porosity data.
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Appendix: Expressions for Critical Head Based
on Capillary Model

The use of the capillary model is also common in the literature o
flow through porous media. Recently, Thevanayagam and Nes
rajah ~1998! used this model to study the flow characteristics
through a soil matrix. Considering a capillary channel of interna
radiusR or the hydraulic radiusRH , the fluid flow velocityVc

through this channel under a small hydraulic gradienti along the
tube is given by the Poiseuille equation
 J. Hydraul. Eng., 200
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Vc5S gw

2m DRH
2 i (42)

With the following substitutions:

RH5
d

4
(43)

i 5
hf

L
(44)

Vc5A2g~H22hf ! (45)

and using Eqs.~24! and ~29!, one obtains the following expres-
sion for the critical head (Hcrit5H2):

Hcrit5
gw

2 d4

128m2g

c2

gw
2

1
4c

gw
L (46)

Similarly to Eq.~32!, Eq. ~46! can also be rearranged as

Hcrit

L
5

4c

gw
S 11

gw
2 d4

512m2gL

c

gw
D (47)

or

L

Hcrit
5

gw

4c S 11
gw

2 d4

512m2gL

c

gw
D 21

(48)

For

gw
2 d4

512m2gL

c

gw
!1 (49)

Eq. ~49! can be expanded using the binomial theorem and b
simplified to

L

Hcrit
5

gw

4c S 12
gw

2 d4

512m2gL

c

gw
D (50)

It can be seen that Eq.~50! is also in a form similar to Eq.~34!;
however, it does not include the porosity term.

Notation

The following symbols are used in this paper:
a,b 5 coefficients;

c* ,c** 5 model constants;
c1 ,c2 5 dimensionless groups;

D 5 thickness of soil layer;
d 5 median size of particle;
E 5 constant;

f 1 , f 2 5 functions;
g 5 acceleration due to gravity;

Hcrit 5 critical head;
H1 5 height of water on landward side of levee;
H2 5 height of water on side of levee exposed to

water body;
h 5 height of sand boil;

hf 5 head loss due to friction;
k 5 hydraulic conductivity;
L 5 base width of dyke/levee;
l 5 length of slit;

N 5 number of observations;
n2 5 porosity;

p 5 partial derivative of velocity potential withx;
Q 5 flow in slit;
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R 5 Reynolds number;
a 5 function;
b 5 function;

gp 5 unit weight of particles;
gs 5 unit submerged weight of soil;
gw 5 unit weight of water;
h 5 constant, also known as drag coefficient;
u 5 bedding angle;
k 5 intrinsic permeability;
m 5 dynamic viscosity;
r 5 mass density of liquid~water!;

tc 5 critical stress;
y 5 kinematic viscosity;

F 5 internal friction angle; and
f 5 velocity potential.
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