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Abstract

The emphasis of this thesis is on the derivation of eriginal results or improvement to the
available results in order to obtain a practical design methodology for overtopped
rockfill dams. The work comprised of experiments in a large hydraulic flume, and
extensive theoretical development of design aspects. A non-linear finite element
analysis for non-Darcy flow in dams has also been formulated. The important
contributions of the thesis are listed as follows:

I. Non-Darcy seepage flow

(1) Development of a general relationship between the Reynolds number and the
friction coefficient for seepage in rockfill;

(2) Development of a general relationship between the hydraulic gradient and the
velocity of seepage flow in rockfill;

(3) Investigation of the difference between all the available formulae for non-Darcy flow
by the computer simulation with wide range of porosity and size of rockfill. Comparisons
between the simulated results of available formulae and the availabie prototype data
have also been undertaken.

(4) Determination of the hydraulics mean radius of rockfill material by empirical
relationship;

(5) Estimation of the seepage discharge through a rockfili dam without numerical
modelling;

Il. Numerical modelling of non-Darcy seepage flow

(1) Development of a high-accuracy finite element method to model the non-Darcy
seepage field within a flowthrough and overtopped rockfill dam;



Il. Stability analysis and design methodology for flowthrough and overtopped
rockfill dams

(1) Deveiopment of a formula for the design of the extemal layer comprising of large-
size particles at the downstream slope of a flowthrough and overtopped flow rockfill
dam;

(2) Development of a formula for the design of mesh protection at the downstream
slope of a flowthrough and overtopped rockfill dam:

(3) Development of a formula for the design of steel bars protected at the downstream
slope of a flowthrough and overtopped rockfill dam:

(4) Development of a practical design methcdology which applies to small flowthrough
and overtopped rockfill dams:

IV. Behaviour of forces acting on the downstream slope

(1) Investigation of the stochastic and statistical behaviour of the forges acting on the
force panels installed at the downstream slope in a model flowthrough and overtopped
rockfill dam;

V. Theoretical solution of 1-D seepage flow in overtopped rockfill

(1) Development of a theoretical solution for the seepage flow at the transition zone in
an overtopped rockfill dam.
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Chapter 1 Introduction

Small-scale hydro schemes are generally located to serve small communities in
relatvely remote locations. In the Canadian context such works would very likely serve
locations which experience severe winter conditions. The cost of traditional spillways
including the overflow ("ogee” profile) type, the shaft (closed conduit) type, and the
siphon spillway are often a major component of the total cost of civil works, particularly
in remote northem environments (Hansen, 1992). As concluded by Hansen (1992),
currently most small-scale hydro projects involve small concrete dams, spillways, and
diversion structures which have three limitations:

(1) Concrete works require considerable site preparation before they can be
constructed. A major cost is the excavation to a hard subsoil strata on which the
structure can be found.

(2) Concrete structures require considerable engineering constructor skilis and these
are not readily available in many northemn Canadian communities. Construction skills
and equipment are usually "imported” to the area, thereby increasing construction
cests.

(3) The durability of concrete in harsh winter conditions is poor, and periodic
maintenance is required. This is especially true of small hydro schemes in remote
locations where rigorous control of the quality of the concrete mix and of general
workmanship is either lacking or non-existent.

Low-head rockfill dam requires very little site preparation and c¢an be placed over many
soil or rock conditions where the possibility of piping does not exist The construction
work can often be camied out by utilizing the resources available within many northem
Canadian communities. Also, sound rockfill dam is highly resistant to freeze-thaw
action. The rockfill dam is deformable and accommodates the imposed stresses and
strains. [n contrast to concrete, a rockfill structure is not prone to cracking (Hansen,
1992).



In high rockfill dams, the construction of diversion engineering structures may account
for major costs of the civil works. With proper arrangement , engineering experience
(Hu, Li, 19892, b, ¢) indicted that it is safe to allow the flood to pass through and over
the unfinished rockfill dam and the upstream and downstream cofferdams (usually also
made up of rockfill). For high rockfill dams, it may take several years to complete the
dam construction. Allowing the flood to pass an unfinished rockfill dam can greatly
reduce the height of the cofferdams and the size of the diversion tunnels, and will be
very economical in most cases. There is apparently no application of this kind of
arrangement in Canada. This may be due to the difficulties that: (1) no experience
exists in Canada; and (2) the lack of sound design theory.

1.1 Objectives of the Study

The study deals essentially with the design of overtopped rockfill dams. However,
overtopped rockfill conditions invariably also involve flowthrough the dam. Hence the
study also includes a discussion of flowthrough conditions.

Literature search reveals that there are some difficulties with the design of a
flowthrough and overtopped rockfill dam. Consequently, the objectives of this research
are as followings:

(1) The determination of the constants in the relationship of non-Darcy flow in practical
design based on the size, the shape, and porosity of rockfill in the field.

(2) Computer simulation of turbulent seepage field within an overtopped rockfill dam
and a flowthrough rockfill dam.

(3) Investigation of the characteristics of the forces acting on the rock particles at the
downstream siope, and failure mechanisms.

(4) Development of the goveming equations and empirical relationships for both
overflow and seepage fiow, for the forces acting on the rock particles at the
downstream slope, and for the downstream failure condition.

(5) Derivation of formulae for the design of steel mesh and steel bars which are used
to protect the downstream slope of an overtopped rockfill dam.



(6) Preparation of practical design guidelines and presentation of a design example for
an overtopped rockfill dam.

1.2 Scope of the Study

This study includes experimental investigations, theoretical studies and computer
simulations.

Experimental studies were conducted on the following two aspects:

(1) Investigations in hydraulic flumes on the ime-average and stochastic behaviors of
the forces acting on the rock particles at the downstream slope of a rockfill dam which
is subjected to both flowthrough and overtopping flow;

(2) Investigations in hydraulic flumes on the failure pattem of an overtopped rockfill
dam protected with rockfill facing.

Theoretical studies were concentrated on a critical examination of the basic law for
non-Darcy flow in rockfill, since this is a key problem for flowthrough and overtopped
rockfill dams. Analytical solution of 1-D non-Darcy flow was obtained. Formulae for the
stability of individual particle failure, the design of steel mesh at the downstream slope,
and the design of steel bars inside the downstream slope, were derived.

For the purpose of stability analysis (including slope stability analysis and unraveled
stability analysis) of a rockfill dam, the characteristics of two-dimensional non-Darcy
flow are required. To solve this problem in the engineering design, a computational
model was developed. The computational model studies include the development of a
2-dimensional finite element method model for non-Darcy flow within a rockfill dam.

1.3 Outline of the Thesis

The thesis has been written in an attempt to produce the chapters as independent from
each other as possible so that a practical engineer can address the specific issue of



interest to him/her. Apart from Chapters 1 and 2, original results have been presented
in all the chapters.

In Chapter 1, an introduction to the study and the thesis has been presented.

In Chapter 2, a literature review for most issues related to the design of flowthrough
and overtopped rockfill dams has been undertaken.

In Chapter 3, the derivation of the analytical solution of 1-D non-Darcy flow at the
transition zone in rockfil dam overtopping is presented, and comparison with
experimental results is provided.

In Chapter 4, experimental results from the work done at the NRC are summarized. The
statistical and stochastic behaviour of the force acting on the force panels installed at

the downstream slope of an overtopped rockfill dam, and the failure pattems of an
overtopped rockfill dam are described.

In Chapter 5, the derivation of general non-Darcy law from a combination of the pipe
theory and the characteristics of rockfill material, and relationships between the
hydraulic gradient and the velocity within rockfill derived from the general law have
been derived. Comparison between all the available formulae, computer simulation of

these formulae, comparison with prototype data, and selection of the best formula in
engineering design are fully described.

In Chapter 6, the finite element method is developed for 2-dimension non-Darcy free
surface seepage flow with 8 nodes quadratic isoparametric elements. The steps of the
derivation of the finite element method, the linearization method to solve the non-linear
problem, the fiow chart of the program, and examples are presented.

In Chapter 7, based on experimental observations and available experience of
overtopped rockfil dams, expressions have been derived for the design of
downstream slope which is protected by individual particles. The design of mesh
along the downstream slope to protect the downstream slope, and the design of



steel bars in the rockfill dam to prevent the downstream slope instability are
described.

In Chapter 8, a new design methodology has been proposed.

Finally Chapter 9 provides a summary of all the conclusions from each chapter.
Suggested activities for further research in this field are also presented.

In Appendix 1, useful results from author’s research at Nanjing Hydraulic Research
Institute (cooperated with Mr. Hu, Qulie and worked with other scientific workers) have
been summarized.

in Appendix 2, two examples of the design of flowthrough and overtepped rockfill
dams in a real situation have been presented.

In Appendix 3, three practical case studies of flowthrough and overtopped rockfill
dams have been presented. The observations have been compared with
solutions presented in this thesis.



Chapter 2 Literature Review

2.1 Introduction

It is important to have a complete picture about what has previously been presented in
the literature in order to address the need for further research. Available results that are
satisfactory can continue to be used in a practical design of a flowthrough or/and
overtopped rockfill dam directly. Results that pose problems in design are studied in the
present research,

In the design of a flowthrough and overtopped rockfill dam, several aspects are
involved. Usually an impervious facing is built at the upstream slope. When water level
is higher than the top of the upstream facing but lower than the crest of the dam,
flowthrough conditions prevail (see Figure 2-1 _1)). When the reservoir water level is
higher than the crest, both overtopping flow and flow through the rockfill dam occur
(see Figure 2-1(b)). Hence consideration of fiow through rockfill are of relevance to the
design of an overtopped rockfill dam. It should be noted that the overtopping flow is
significantly larger than the seepage flow. The latter, nevertheless, is important for the
scope instability. The consideration of non-Darcy flow in rockfill is important. Table 2.1
shows a summary of publications on non-Darcy flow.

In order to estimate the seepage discharge through a rockfill dam, it is important to use
a reliable non-Darcy equation, since the flow within a rockfill dam is usually turbulent
seepage flow. The failure mechanisms of a flowthrough rockfill dam are usually the
erosion (unraveliing failure) of the downstream slope and the (massive) stability failure
of this slope. The pore pressure distribution within both a flowthrough dam and an
overtopped rockfill dam is therefore necessary for the stability analysis of the rockfill
dam. The emergence point of the flow over the downstream slope of a flowthrough
rockfill dam, the seepage force on the rockfill at or near the downstream slope, the
water surface curve and the shear (friction) force at the downstream slope, are all



important parameters for the engineering design. A summary of the most important
results from literature related to the above aspects is presented in this chapter.

Records from available prototype structures can be a practical way to examine the
available expressions for non-Darcy flow and the failure pattern. Unfortunately there is
not much such data available in the literature. Table 2-2 lists some available
information on fiowthrough and overtopped rockfill dams.

In the following text, it has been assumed that the reader is familiar with basic concepts
of Darcy and non-Darcy seepage flow, and basic elements of dam design.

2.2 Expressions for non-Darcy flow in rockfill

in the design of a flowthrough or/and overtopped rockfill dam, the use of an expression
for the non-Darcy flow within rockfill material is the most important. Hence numerous
studies to derive non-Darcy flow equations have been carmied by different authors. The
following text presents a summary of the available related expressions in the literature.,

2.2.1 Relationship between friction coefficient and Reynolds number

Ergun (1952) define the Reynolds number as:

d 1
R = e— — 2'1
©ogun v 1 -n ( )
where V = the bulk velocity;
d = representative diameter of the particles (generally dsp);
n = porosity of the porous mediz;
v = kinematic viscesity.

The friction coefficient is defined as:

_idg o®
ergun vz l_n
where i = hydraulic gradient within rockfill; g = 9.8 m/s.

(2-2)



The empirical result from Ergun (1952) is:

apun

1
= + 1.75 -
fan =% (2-3)
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The experimental results are shown in Fig.2-2(a). Itis clearly seen in this figure how the
Darcy flow differs from the non-Darcy flow.

Parkin (1963) defined the Reynolds number as:

V., m
Repaﬂ:m = v (2-4)
and
2¢im
Fruem = (2-5)

where V,, = the void velocity; m = hydraulic mean radius (dimension: [L]). The data
from Parkin (1963) is shown in Fig. 2-2(b).

Itis noticed that Parkin's data is in the range of Reynolds number (as defined by Parkin
(1863)) from 10 to 1,000, and not in the conventionally fully turbulent seepage range.

Arbhabhirama and Dinoy (1973) performed experiments for different sand and gravel
(Fig.2-3(a)). The Reynolds number was defined as:

v Kh’:

Re ontnnm = ” (2-6)

where K = intrinsic permeability associated with non-Darcy flow (dimension: [L]z).

Friction coefficient;

TK
Fobabhinums = vV @

The relationship between Reynolds number and the friction coefficient is:

1
fbhabhings = R__+ c (2-8)

carbhabhimma



Where ¢ is a constant, whose value for grave! is from 0.24 to 0.38, for sand is from
0.0584 to 0.0584, for the samples they used.

McCorquodale et al (1978) defined the modified Reynolds number as

m V nl.’?.
Remmquodnlc = v (2-9)
and friction factor:
_ignm?
fmmuoda]c - vV (2'10)

They obtained the following relationship from their experimental results:

£ .= 70+ 0.27(1+§5-)Remwm @-11)
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where
fe = effective Darcy-Weisbach friction factor for rock material;

fo = Darcy friction-Weisbah factor of a hydraulically smooth surface at the
same Reynolds number (from a pipe-flow Moody diagram).
The experimental data from McCorquodale et al (1978) are shown in Fig. 2-3(b).

Stephenson (1979) defined the Reynolds number as:

vd
Re sepheascn v (2-12)
and friction coefficient:
idgn®
fcohenson = Ve (2-13)

Stephenson (1979) obtained the following relationship from the data represented in Fig.
2-7(a):
800
= —+K 2-14
fs@bmm Re scph t ( )

where K; is the fiiction coefficient for fully developed turbulent seepage flow.
Stephenson (1979) recommended that:



1, for smooth polished marbles;
K, =192, forsemi - rounded stone; (2-15)
4, for angular stone.

Li and Hu (1988) found that Stephenson's relationship applied well to angular rockfill
(representative diameter from 12mm to 44mm).

2.2.2 Quadratic law between i and V

In 1901, Forchheimer (1901, 1930) suggested equations linking hydraulic gradient to
the void velocity of the form:

i=rV, +s5 V3 (2-16a)
i=rV+sV? (2-16b)

wherer, s, and r,, s, are constants which depend on the characteristics of particles.

Later he added another term tV3 to the right side of this equation, and suggested that:

—

r,V, s, V. + t V} (2-16¢)

i=rV+sVi+ v (2-16d)

These two relationships were obtained purely from experimental results, in which the
constants fy, Su, te, and r, s, &, should be determined by experiments. Eq. 2-16s (b, ¢,
d) were widely used by other authors iater, while Eq. 2-16a is not common.

Polubarinova Kotchina (1952) added an unsteady term to Eq. (2-16):

., GV,
i =1V, +sV,*+c—~ (2-173)
at
. A"
i=rV+sVo+ ci—t- (2-17b)
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From Ergun (1952) 's relationship between the defined friction coefficient (Eq. 2-1) and
Reynolds number (Eq.2-2), i.e., Eq.2-3, the following relationship from the
experimental results is obtained:

idg n’ (1-n)v

—— -+ . -

ST =150 SE LTS (2-18)
or

i=150 &= n)d." v+175(1g“) (2-19)

Ward (1964) obtained the following relationship:

i = f 0. if,p y? (2-20)
where k = permeability of a porous medium,
Dinoy (1871) presented the following relationship:

i= py ==V + —-—;323“"; v? (2:21)
In 1973, Nirandra (1973) obtained the experimental formula:

s= o2 @22)

where s is defined in Eq. (2-16b). Nirandra (1973) found that the coefficient r is not
clearly related to either the hominal particle diameter or porosity.

The relationship (Eq.2-11) from McCorquodale et al (1978) may be written as:

. 2 f V 12
E0m 70+ 027(1-:~—)rn z (2-23)
vV
or
70 v £ n”” v
= SV 0270+ ) (2-24)

McCorquodale’s expression applies to rockfill material.

1



Ergun-Reichelt ( see Fand & Thinakaran, 1990) proposed that:

-y M (I-n). .
i = My M A, (2-25)
gd” n gd n
where;
M =_d 22
=1+ = -26
3D(1-n) (2-26)

in which D = the diameter of permeameter. It is noticed that this relationship takes into
consideration the wall effect of the permeameter. However Eq. (2-25) is vaild for
packed spheres only.

It should further be noted that the various relationships presented in the literature are
only applicable in limited range of Reynolds number. It is therefore essential to provide
a general expression applicable to the entire range of velocities including both Darcy
and non-Darcy flow. This has been attempted in this thesis, and described in depth in
Chapter 5.

2.2.3 Powerlaw betweeniand V

The famous power relationship may have originated from Prony in 1804 as reported by
Jaeger (1956) and also presented by Isbash (1931) as:

i=c,V° (2-273)
or

i=c, Ve ' (2-27b)

where ¢, and ¢, depend on the flow condition, the characteristics of the porous media
and the fluid through ‘he porous media. Equations 2-27 were obtained from the
experimental results and also were proved by Isbash (1931) from dimensional analysis.

Escande (1953) presented the following relationship from purely experimental results in
column tests:

12



vV, = JBi (2-28)
where B is a constant whose value is from 80 to 280 em2 / sec? for particle with

diameter of about 1.5in.

Wilkins (1956) obtained a widely mantioned formula from column tests:

V, = 53m® % (2-29)
where V,, has the unit of m/sec, while the hydraulic mean radius m (taken to be d/10 in

this case, Parkin, 1991) has the unit of meter.

Slepicka (1961) presented a semi-empirical formula based on dimensional analysis:
_ ot et ot
V, = a(o_) K'i (2-30)

where og= surface tension;
a = a constant;
f = a constant;
p = dynamic viscosity;
K = hydraulic conductivity.

Parkin (1963) presented a similar formula for nominal 3/4 inch aggregates size;

i =00351V,* (2-31)
where V\, has the unit of ft/sec.
Dudgeon (1968) used Eq. (2-26b) to evaluate the values of a and N, and concluded

that n=1.79 to 1.87, a=15.1 to 65.0 for 0.75 in. river gravel; n=1.83 to 1.90, a=8.3 to
23.7 for 0.75 in. blue metal; n=1.80 to 1.83, a=5.3 to 9.8 for 16 mm marbles.

Basak (1977) reviewed non-linear seepage flow law and indicated that the value of

1.86 for N in Eq. (2-26) varies little, but that the coefficient 2 was dependent on the
porous media.

13



Stephenson (1979) used the data available to present the following relationship for
turbulent seepage flow:

_ KV
gdn®
where Ky is a constant for specific porous media.

(2-32)

Li and Hu (1988) derived the following expression based on the available experimental
data and Stephenson’s relationship between the friction coefficient and the Reynolds
number (1979): |

Vz‘b b
P = Zg—n"b (2-33)
50

where dgg = average diameter of the particles (from 12mm to 44 mm in experiment).
When Darcy seepage flow develops, b= -1. When fully turbulent seepage flow
develops, b=0. For rockfill with angular shape, the constant a is from 2.145 to 2.846,
and the constant b from -0.507 to -0.774, when Re is from 10 te 3,300.

Martins (1890, 1991) presented the following expression for fully developed seepage
flow:

V, = ez 2eed (2-34)

where C, is the uniformity coefficient, and e the void ratio of rockfill. The constant C is
0.56 for angular particles, and 0.75 for rounded particles. For transition zone seepage
flow, he defined another two variables and used his "Modified Moody diagram” to
calculate the velocity (Martins, 1991). Unfortunately the data in his "modified Moody
diagram"” is only from limited experiments with particles with diameters 2.3mm, 6.0mm,
and 11mm. Itis not clear if these data apply to the prototype case with large particles.

It is noticed that all these expressions are similar in form. The differences are that
different authors considered different parameters of the porous media, and conducted

14



experiments with different size, shape, and type of paricles. Hence, each formula
applies only to a certaii range of Reynolds number. A reiationship of non-Darcy flow
based on a large amount of experimental data with wide range value of parameters for
rockfill is very important for engineering design. This relationship should be able to
predict the prototype non-Darcy seepage law based on some easily obtained
parameters, e.g., diameter, shape, and porosity, similar to £q. (2-33). More data are
required to obtain the statistical constants &, and b. The shape factor should also be
included in the improvement of such a formulation.

2.3 Empirical and theoretical results on the seepage flow
through rockfill

2.3.1 Research work on flow through a rockfilt dam with an impervious upstream
section

In 1863, Parkin (1963) investigated the flowthrough rockfill dam with an intemal cutoff
wall inside the rockfill dam. Figure 2-1(a) shows the profile of the rockfill dam. There
are two important control points in the design consideration, that is, the depth of water
over the inbulit spillway, he, and exit height of the seepage flow at the downstream
slope, he.

The geometry of flow through a self-spillway rockfill dam will, in most cases, be fixed by
two independent hydraulic control points. In the case of flowthrough seepage only, the
control points are point of entry along the upstream slope and the exit point on the
downstream slope. In the case of overtopping, there are no such contro! points.

Separating the two control points is a freefall zone at atmospheric pressure (Figure 2-1
(c)), wherein the hydraulic gradient equals 1, and wherein lateral dispersion and
aeration takes place, as happens in the case of open channel flow over a weir. At high
rates of discharge, the free zone may be eliminated, at which stage the control points
are no longer independent (Parkin, 1891). However, the structure is then likely to be in

15



a precarious state with respect to stability, so that this is not nomally a design
consideration.

In the crest region, Wilkins (1956) estimated the crest depth by means of the critical
depth formula, as normally applied to frictionless flow over weirs, modified only to allow
for the volume of stones, that is:

y.=¥q*/ g (2-35)

Subsequent mode! studies (Sandie, 1961) have indicated that crest flow is
characterized by the attainment of a terminal velocity, associated with a particular value
of hydraulic gradient in the frictional environment. This gradient can be taken as 0.8
(rather less than the maximum of 1 in free -surface flow), in which case the associated
value of he, (assuming the hydraulic radius m = d/10) can be compared with yc from Eq.
(2-35) in an analysis foliowing Lawson, Trollope and Parkin (Parkin, 1991):

y'= h’d/6 (2-36)

It follows that the crest velocity will be less than that from a critical depth analysis for all
depths of flow greater than d/6. It also follows that discharge will vary linearly with head

over the crest, rather than head to the power 1.5, as confirmed experimentally by
Sandie (1961).

Parkin (1963) found that the hydraulic gradient over the crest of an inbulit spillway was
0.82 for 3/4 inch crushed rock, and felt that this would also be a good first

approximation for prototype. For a given porosity, the bulk velocity V can be
determined by:

1,082,
V = —(— 2-37)

Then the crest head h can be determined from:

Q=VhL (2-38)
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where Q = desired flood capacity;
L = width of the spillway;
he= crest head ( the height of water above the impermeable element).

The value of a and N will depend on the characteristics of the material used and the
fluid flow through the porous media. Parkin et al (1966) presented a nomogram to
assist in estimating the value of a from porosity and the mean surface area per unit
volurne of the particles, but suggested that the values of a and N should be determined
experimentally when approaching a design problem. The reason is that the value of N
is much stable when the Reynolds number of the seepage is within a certain region,
while the value of a may have a large range. Eq. (2-33) which is derived by Li and Hu
(1988) takes consideration of this problem, and can be used to solved this problem. it
is noticed that in Eq. (2-33), the two constants a and b have very narrow range of
value, and the small difference is determined by the range of the Reynolds number.

Parkin (1963) concluded that if the tail water level is below the point of emergence on
the seepage face, it had practically no effect on the height of the point of emergence,
which was determined using the following formula;

he = L[/ (2-39)
n sin &
where g= unit width discharge, Q/L;
6= angle of downstream slope;

Co & ¢, from Eq. (2-27a);
he= exit height on downstream face, relative to the foundation.

It is noticed that in order to obtain Eq. (2-39), some assumptions was made by Parkin.
The first is that the hydraulic gradient :

i=sind (2-40-1)

The second is that the seepage velocities along the depth remains constant. Eq. (2-36)
also applies to the case of rockfill dam without a cutoff wall inside the dam.
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where m was taken to be 10/d.

Parkin (1991) stated that this relationship gives predictions in close agreement with
laboratory results by Sandie using models of 19mm aggregate and 9 value up to 90C,

Cohen de Lara (1956) examined the effect of tailwater on the quantity of flow through
a model dam, and developed relationships for the discharge for trapezoidal sections
and for rectangular sections, and used a limited range of particle sizes.

In 1979, Stephenson (1979) demonstrated that heg is the depth of critical seepage flow
if the downstream water level is lower than this depth. He used Eq. (2-35) as the
expression for fully developed turbulent seepage flow.

Hansen (1992) obtained the following empirical relationship to calculate the average
hydraulic gradient through the dam:

wirr

13 ..
B.+B_+0.5
h) ( .*B, B, J (2-41)

i = 08|—
torge = 0.8 [H H
2.3.2 Free surface line within the rockfill dam

Within a rockfill dam, the profile of the phreatic surface is usually of interest in the
engineering design. Finite element methods or finite difference methods may be used
to obtain this profile. However in many cases, proper simplified methods are accurate
enough to estimate this surface. The results available in the literature are summarized
below.

Wilkins (1956) derived a 1-dimension general equation for rockfill based on the

assumption replacing the friction gradient in the general 1-dimension equation of open
channel flow by the seepage gradient defined by his seepage formula (Eq. 2-29):
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where ¢g, and ¢, are coefficients in the Eq. (2-27b).

Basak (1976) simply integrated a non-Darcy equation of the form from Eq. (2-16),
applied Dupuit assumption while neglecting the kinetic energy of the flow. Basak
obtained good agreement between the resulting equation and Volker's (1975) phreatic
surface data, which were obtained from experimental studies on a rectangular
embankment made up of small diameter angular gravel,

For rectangular section, Stephenson {1979) presented the following analytical solution
which was also used by Hansen (1992):

3K
-0t =(LP - 1-laL (243)
d yc 0
where xg and yg represent the coordinate of the initial point at the phreatic surface, y¢

is the critical depth defined by the Eq. (2-35). x and y are the coordinates in the
horizontal and vertical directions.

During this research it has been found that the Eq. (243) is not comect. The
expression should be:

3K, Y. Yoz Yy
-X)—=(—y - (—) - 3In— 2-44
(073 = ) - 2 - 31n @44

0

It should be mentioned that this equation only applies to fully turbulent seepage flow in
a rectangular section.

Jain et al (1988) presented the "variable gradient method". In this method, the

computational procedure which is based on Wilkkins' seepage formula proceeds in an
upstream direction. It can also be used to generate a rough flow net consisting of a
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series of straight lines. But Hansen (1992) argued that this method requires a priori
knowledge of the upstream water level, which greatly reduces its usefulness.

For the purpose of engineering design, he, he and the water surface curve within the
rockfil dam should be determined. As an initial design, 1-dimensional empirical
relationships may be used. hg may be determined by Eqs. (2-37) and (2-38), he may
be obtained by Eq. (2-39) (recommended by Parkin, 1963). he may be determined by
Eq. (2-35). Eq. (2-44) may be used as the seepage surface curve. In the final design
of a dam, computational modelling should be conducted to deal with the 2-dimensional
problem.

2.4 Computation of the Seepage Field within Rockfill Dams

Pore pressure distribution within rockfil dam has been the subject of considerable
study, because of two reasons: first of all, the pore pressure gradient at the
downstream slope surface directly influences the stability of the rocks at the surface:
secondly, pore pressure distribution is needed to perform any slope failure analysis.
Basically there are three kinds of method available, that is, flow net sketching method,
finite difference method, and finite element method.

2.4.1 Flow net sketching method (2-dimensional steady non-Darcy seepage flow)

For Darcy flow, Laplace equation applies. By sketching a flow net, the pore pressure
distribution within a rockfill dam can be determined, then the velocity distribution and
the discharge through rockfill dam can also be determined.

According to Wilkins (1956) and Parkins (1963) a nen-Darcy flow net can be sketched
using the following relationship:

1=pY (2-45)

where;
| = mean distance between equipotential fines within a given mesh element:
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b = mean distance between flow lines for a mesh element;
N = empirical exponent defined by Eq. (2-27).

From expression (2-45), it is noticed that for a given hydraulic gradient, the mean
distance between fiow lines is less than the mean distance between equipotential lines
for any individual element in 2 non-Darcy flow net mesh. Decreasing the mean
distance between flow lines relative to the mean distance between equipotential lines
implies a greater number of flow paths. The large number of flow paths in a flow net is
consistent with a greater total quantity of seepage for the semi-turbulent or turbulent
nature of seepage flow. According to Parkin (1971), the element in a turbulent flow
“change their geometry with increasing velocity while maintaining orthogonality” (Figure
2-4). This might make sketching the flow net difficult (Hansen, 1992).

2.4.2 Finite difference method

Eq. (2-16) can be combined with the continuity equation to form the field equation of
Lawson, Trollope, and Parkin{1962):

(Bt 0, NP +6,7) + N-1NG b+ 26,0,8,+0,6,) =0 (246)

where ¢ is a scalar potential function with derivatives ¢y, ¢y, in the Cartesian directions
and N = 1/a. This equation can be solved after the manner of Curtis and Lawson
(1967). Curtis and Lawson (1967) used a S-point finite difference as the basis for
approximating the hydraulic gradients in various directions. Figure 2-5 shows the node
identification for this method.

1

b= 2(1+N’)(¢l+¢5+¢7+¢3)
R D e ) A D A SR )
20N+1) G- 87+ 97

(2-47)
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As concluded by Hansen (1992), three factors limit the wider applicability of the results
of the study by Cuitis and Lawson to the analysis of predominantly flowthrough rockfill
dams. First, an unusual geometry for the embankment was used. The model
embankment in this case was 25 cm high, 1.8m long, 1.2 m wide, and had vertical
upstream and downstream faces. Secondly, flowthrough was only 5 to 10 percent of
the total flow, making this more of a specialized overflow study. Thirdly, no phreatic
surface existed within the model dam used. The pressure of the overflowing water was
used as a boundary condition for the numerical solution of the partial differential
equation.

In a brief discussion of Curtis and Lawson (1967), Kirkham (1968) argued that N does
not have a fixed value for the entire flow field. This appears to be a debatable point
(see also the closure to Curtis and Lawson, 1969). Kirkham (1967) presented an
altemative equation to Eq. (2-47). However Volker (1969) considered Kirkham's
method an "unwarranted refinement” of the method of Curtis and Lawson.

With the given phreatic surface within rockfill dam and the given water surface curve at
the downstream slope, Hansen (1992) solved the seepage field within rockfill dam with
and without facing by the method derived by Curtis and Lawson (1967), i.e. Eq. (2-47).
Hansen used a commercially available electronic spreadsheet operating on a desktop
microcomputer. From the simulation of two modelled rockfill dams in which the steady-
state discharge through the dams did not follow, Hansen (1992) concluded that:

a). Applying finite difference expressions associated with Darcy's law for edge nodes
provided a workable model for piezometric pressure head even through flow through
the embankment was non-linear. Mean absolute derivations from observed
piezometric heads were less than 10 percent (this is higher than the maximum absolute
derivation 6% in Volker's finite element method , 1969). About 3100 nodes were used
for each mode! and this high density of nodes was considered to be important for the
success of the model (while in Volker's finite element method, the node number is
about 100 to 500, and the difference of the result is within 2% when the noge number
is changed from 100 to 500).



b). The introduction of an impermeable upstream face on the dam necessitated a
greater number of relaxations of the finite difference grid. It was found to be
computationally intensive to model the piezometric heads in the size between the
impermeable face and the base of the dam.

During this research, it has been noticed that the equation of Lawson, Trollope, and
Parkin (1962) , Eq. (2-46) may be solved well for regular boundary (rectangular section)
by the finite difference formula Eq. (2-47). For a trapezoidal rockfill dam without facing
(this is not common in engineering), “high density of nodes" is the only way to make
the model successful. If a facing is placed within a rockfill dam, it is more difficult to
handle the finite difference method. The reasons may be: (a) the non-inear
characteristics of the goverming equation, which makes it difficult to obtain an accurate
solution by the finite difference method proposed; (b) the irregular boundary behavior,
which makes it difficult to handle the boundary conditions in finite difference method.
These factors limit the use of finite difference method for non-Darcy flow.

2.4.3 Finite element method

The first work using finite element method (FEM) in turbulent seepage flow may be
Fenton's research (1968). Fenton (1968) dealt with a finite element solution to Eq. (2-
46) but allowed only for a horizontal impermeable base and did not attempt
experimental correlation of the results.

Field equations for finite element method can be developed in a variety of ways from
equations Eqs. (2-16) (quadratic law) and (2-27) (power law). Volker (1869) derived a
series of equations for both laws.

For the quadratic law, Volker (1969) wrote the law in the following vector form:

gradh = (+b V)V (2-48)

Using the continuity condition, he derived the field equation govemning seepage flow in
a two-dimensional flow field:
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where
-h = (a+ bl Du (2-50)
-h,=(a+bl | (2-51)
and
=|@a+bp W | (2-52)

in which u and v are the velocities in the direction of x and y respectively.

For the power law, Volker (1969) wrote it in the following vector form:

-hs = (cWV|™)V (2-53)

The continuity relation gives:

5 Vm ( h.r) Um ( -h ) .
6’x[(c) |h|] [(c) (2-54)
where
A=V M (2-55)
~h,=(clV "W (2-56)

Variational methods were used to build up the finite element equations using triangular

elements.

McCorqudale (1970) simulated flow through a rectangular rockfill block without facing
using triangular elements. Compliance of the double boundary condition on the free
surface was accomplished by using the "membrane analogy”, i.e. the free surface
(which is a streamline) is positioned so that the pressure across it is zero. A trial free
surface was chosen first and the finite element model was used to solve for the
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pressure difference across the "membrane”. On the basis of the computed pressure
differences the surface ordinates were adjusted to decrease these differences
(McCorqudale, 1970). The location of the outcrop point was determined by adjusting
the seepage height until the upstream and downstream discharges were equal.
McCorqudale (1970) undertook a few runs of tests and got the optimum value of the
over-relaxation factor as 1.5.

McCorqudale (1970} concluded that:

(1) In all the finite element solutions, the free surface elevation tended to be
underestimated, except in the neighborhood of the outcrop point where there
does not appear to be a significant trend in the estimates;

(2) The FEM gave excellent predictions of discharge and good predictions of
seepage height and fair predictions of piezometric levels;

(3) The model is not very sensitive to the coefficient b.

(4) The possible error in the numerical solution could result from the
discretization of the flow regime and is influenced by the number of nodal
points.

Parkin (1971) solved the non-Darcy seepage field of a uniform rockfill dam with the
formula derived by Fenton (1968) with the variational principle. From the simulation,
Parkin concluded that the turbulent flow net is seen to have a somewhat higher
phreatic surface and a larger seepage face, which is associated with a higher
discharge and with higher exit gradients, as depicted in the equipotential pattern; this
would, if anything, tend to have an adverse effect on the stability of such slopes.

From the literarure review, it can be concluded that:
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a. The FEM is advantageous when imegular boundaries exist (this is usually the
case in engineering design, e.g. uniform or non-uniform rockfill dam with cut-off
wall, non-uniform rockfill damy;

b. The FEM has higher accuracy compared with finite difference method (FDM);

c. In the FEM, a small number of nodes can achieve a good resuit, while in
FDM, a high density of nodes (from the available records, at least 10 times the
nodes used in FEM simulation) is required to make the simulation successful;

d. The FEM is more suitable when a curved free surface exists, due to the
difficulty in using FDM mesh to simulate the curved free surface correctly;

For non-Darcy flow, the flow-net sketching method would be very difficuit, The only
practical way is computer modelling. The available resuits show that FDM is useful only
when the geometry is very simple, while FEM may be valid in almost all the engineering
cases. FEM has been used in the present study.

Available results and experience have been used in the present study to make the
model more efficient, more general, and easy to handie by an engineer. The seepage
surface from Darcy law is quite close to that from non-Darcy flow. However, the
discharge and the hydraulic gradient near the downstream slope caiculated from non-
Darcy flow model may be much higher than that from Darcy flow mode.

2.5 Shear Stress and Seepage Force at the Downstream Slope

2.5.1 Shear stress in spatially varied flow

For flowthrough rockfill dam, the total quantity of flow passing through the structure will
be completely in overflow at the toe of the dam. Figure 2-6 shows the scheme for
seepage-face definitions. Spatially varied flow occurs on the downstream slope face,
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beginning at the point of flow emergence point. This category of flow occurs when
discharge changes with the distance along a relatively short channel under steady-state
conditions. Sharp and James (1963) presented the following equation describing this
phenomenon:

Friakd S I¥ (2-57)

where:
dQ/dx = rate of discharge along downstream slope;
6 = angle of downstream roe;
n = porosity;
a and N are the coefficients from the exponential seepage law.

Sharp and James' result was based on several assumptions:

a. A hydrostatic pressure distribution exists within the rock mass which is
adjacent to the downstream slope (this approximation is not accurate);

b. Only atmospheric pressure acts on the downstream slope;
¢ Exponential seepage law applies.

The well known equation for spatial varied open channel flow (lateral spillway channel)
is (Chow, 1959):

2a Qq.
Lo A (2-58)
dx i a Q°

gAzD

where:
x = coordinate in the direction of the slope;
y = coordinate in the direction of the slope;
dx/dy = rate of change of water surface elevation;
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Sp = bed slope;

S = friction slope;

a = velocity head correction coefficient;

Q = discharge of the flow:

g~ = rate of the change of discharge with distance (= dQ/dx);
A = vertical sectional area of flow:

D = hydrautlic radius.

Sharp and James (1963) used this expression as the basics for their study on the
spatial varied flow at the toe of flow through rockfill dam. It should be noticed that Eq.

(2-81) is derived from the assumptions:

a. The total pressure on a vertical section in the direction of flow is equal to the

unit hydraulic static pressure at the centroid of the water area A multiplied by the
area.

b. The siope angle is small.

¢. The flow is unidirectional;

d. The effect of air entrainment is neglected:

e. The flow is constant:

f. The lateral moment perpendicular to the direction of the flow is ignored.

Shamp and James (1963) presented the following expression for the steep slope case (
the detailed procedure of derivation was shown by Hansen, 1992 with Chow's method).

SO-Sf_a 2q-Q

dd _ cos 8 gA:cosB (2-59)
dx l-«& ———-—-Q-
A°Dg cos 8
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where d = water depth perpendicular to the downstream slope. All the assumptions
except a and b of Chow (1859) also accompany this expression.

The friction slope, S¢, has the following relationship with the shear force:
T o= 7 « RS (2-60)

The main limitation in the expression by Sharp and James (1963) is that at or near the
seepage exit point on the downstream slope, both the discharge and the momentum
are small, and the direction of seepage is not perpendicular to the downstream slope.
This implies that the assumption (f) mentioned on the previous page is incormrect.
Indeed the momenturn equation from this seepage is a major component of the
momentum equation. Hence, the expression does not apply to the region at and near
the seepage exit point on the downstream slope of a flowthrough rockfill dam.

2.5.2 Seepage force at the downstream slope

Seepage flow emerging from the downstream slope has a certain hydraulic gradient
associated with it, and the destabilizing effect of this seepage must be considered in
addition to that of overflow erosion {(Hansen, 1992).

For Darcy flow in soils the "quick” condition, which occurs when intergranular contact
forces becomes zero, is:

| PP 261

P

where:
p, = bulk density of the porous media;

pw = density of water.

For non-Darcy flow, it is not clear what the critical hydraulic gradient would be.
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Wilkins (1956) stated that if the critical hydraulic gradient is unity and a factor of safety
of 2 is used, then:

V, =16 m** (2-62)
where:

m = hydraulic mean radius (inches);
Vp = "piping velocity", inches/sec.

Hansen (1992) developed the empirical expression from experimental results:

6 , h
=141 =+0.17 -53
3 1.41 I_I+0 (2-83)

where
H=the total height of rockfill dam:;

B¢r = the angle between exit seepage line and horizontal line.

It should be noticed that the term he/H is not appropriate because 8¢ should be related
to both the upstream and downstream water levels.

Once the hydraulic gradient is known (by numerical method), the force per unit volume
of material due to seepage flow can be estimated from:

=y, 1 (2-64)

clm

where:
F = seepage force:
v= bulk volume;
¥ w = unit weight of water:
i = hydraulic gradient.

Craig (1987) and Hansen (1992) considered that the minimum bulk volume is given by:

Unin. =€ U, T, (2-65)
where:
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up=representative particle volume computed from average rock mass/rock
density);

Vmin = Minimum bulk volume which could contain a particle of volume vp.

e = void ratio.
Seepage force per particle then may be calculated by:

F,=(evs+u,) 7, 1 (2-66)

in which Fsp = seepage force per particle.

In this research seepage force distribution will be calculated based on the 2-
dimensional non-Darcy finite element method and 1-dimensional overtopping finite
difference method for the purpose of stability analysis.

2.6 Slip Failure of A Flowthrough Rockfill Dam

Wilkins (1956, 1963) and Parkin (1963) indicated that analyses based on an assumed
slip surface are more applicable when downstream slope is anchored. Parkin (1991)
conciuded that in the absence of a stabilizing surface mesh, the primary mode of failure
will in all cases be by the erosion of surface stones, in which case slip failures will not
oceur.

Many methods have been used in the design of rockfill dams, e.g., Bishop's Simplified
Method, Spencer's Method, Janbu's Rigorous Method, Janbu's Simpilified Method,
Morgenstem-Price Method, and the Wedge Method.

As summarized by Hansen (1992), two methods have been reported in the stability
analysis of the massive failure of downstream slope of a flowthrough rockfill dam , that
is, Bishop's Simplified Method ( for example, Craig, 1987), and the Wedge Method
(described in Hansén, 1992). In both methods, the pore pressure plays an important
role in the stability of the rockfill dam, due to the turbulence behavior of the flow
through rockfill,
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In engineering practice, there may be constraints as to the quantity and size of rock
available at a given site. If it is concluded that some form of reinforcing mesh is
necessary at a particular site, two questions should be solved in the stability analysis.
First of all, what is the magnitude and direction of forces acting on the reinforcing
mesh? Secondly, since the mesh must be anchored somewhere, how deeply into the
body of the dam should the anchors extend? With regard to the first question, no
references to actual measurements were found in the literature regarding the
magnitude and direction of bursting forces on the reinforcing meshing a flowthrough
rockfill dam. As to anchoring strategies, it is clear that anchor bars, to which the mesh
is attached at intervals, must extend into the body of the dam to a location where the
rocks will not be mobilized by excessive hydraulic gradients (Hansen, 1992).

From the development of Coulomb's expression for the active earth pressure against a
retaining wall, Hansen (1992) derived the formula:

____Sin(p -4 +&) E
‘' sin(i180-a -p +g+5) °

(2-67)

where
Pg = force against the fictitious wall, acting at angle § below the horizontal;
p = angle of the rupture plane;
§ = angle of the net force Fg, measured above the vertical;
= éngle of friction for the interation between the media and the fictitious wall;
o = angle of the wall above the horizontal;
Fg = the force per unit length of dam acting on the material between the rupture

piane and the wall, which is a vector combination of the buoyant weight and the
seepage force.

In Hansen's work, a is always equal to 909, i.e. the line separating thé upper and lower
wedges is alwéys vertical, and & always equals to 4, i.e. the angle of friction between
the media and the fictitious wall is in fact simply that of the media itself (Figure 2-7).
Under these two assumptions, Hansen (1992) obtained the final equation for the active
pressure exerted by the upper wedge:
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p Sin(p -4 +&)

\ Cos (g -p) ° (2-68)

It is noted that Fg is the combination of seepage force and buoyant weight. The
upstream extent of the lower wedge is found from the determination of the point at
which frictional shear resistance ceases to exist at the base of the dam. The upstream
extent of the upper wedge, which thrusts against the lower wedge, is determined by
successive trials to find the critical angle of the rupture plane p which causes P4 to be
a maximum, At the critical p, the force against the fictitious wall is a maximum. The
value of the critical angie p is affected by the angle of the internal friction of the media
and the 2-D configuration of the dam, as well as the pattern of pore pressures within
the upper wedge. For any given p, the spatial variation of the pore pressure pattem
within the upper wedge implies a certain overall seepage force within this wedge, and
the variation of this overall seepage force with p cannot be described in simple
analytical terms (Hansen, 1992). In general it will depend on the configuration of the
dam (2-D shape), the location of the phreatic line, and the magnitude and proximity of
all the boundary conditions.

In classical slope stability methods, minimum FOS (factor of safety) is searched by
different trials. For any value of FOS less then unity or certain given design value, all
the material above the assumed slip surface is considered unstable and will fail in the
absence of restraint. In the wedge method, for a given p, the analysis provides a
bursting pressure associated with the active pressure of the upper wedge against the
lower wedge. The critical angle p of the interest is that angle which gives the largest
active pressure of the upper wedge. Hansen (1992) measured the bursting forces with
a typical designed equipment. The ratio of computational results over the measured
values was from 1.0 to 2.1.

Slope stability analysis is an important feature of the design of a rockfill dam. It is
noticed that the seepage force has an important contribution on the slope stability of a
flowthrough rockfill dah. To obtain the seepage forces on the rock particles, finite
element method simulatioﬁ of the non-Darcy seepage field should be conducted. The



stability analysis with wedge method, or Bishop methed, or other classical methods can
then be conducted with the seepage field and force information obtained from the finite
element method.

2.7 Friction Head Loses During Overtopping Flow

Determination of friction head losses is a classical problem in hydraulics. For rockfill,
due tc the high permeability and the uncertainty of the material, the determination of
the head losses for flow over rockfill face is a very complex task.

The usual expression of refative roughness ¢, for non-high relative roughness channel
(e <0.05):

£ = — =— (2-69)
in which

k' = absolute roughness;

D = the hydraulic diameter (D=4R);

R = hydraulic radius.

If 2 channel is wide enough, R=xh, where h is the depth of the flow over rockfill. Then
Eq. (2-69) may be written as:
D

= = 2-70
T @70)

In rockfill hydraulics, the term D/h is usually used.

For flow over rockfill face, the relative roughness may be much higher than 0.05.
Although we usually consider uniform flow for friction calculation for rockfill, the uniform
flow in open channel will never happen in rockfill due to the uncertainty of the shape
and roughness of rockfill surface. Since friction head losses expressions have been
based on uniform flows, the non-availability of the general theory of friction head
losses in rockfill hydraulics remains a problem in engineering design.



Friction head loss calculations are based on the Darcy-Weisbach equation:
) 1 U
1= faz 2-71)
where

| = the distance between the two cross sections when calculating i;

i = hydraulic gradient;

f = friction factor;

D=4R;

U = the mean velocity;

g = the gravity acceleration.

For turbulent flow, f is considered to depend only on relative roughness (this is argued
by Li (1989), Zhou (1992)), and is given by the Karman-Prandt] equation:

1 3
=2log— -72
NERLF @72
where ¢ is the relative roughness.
Bray (1979) obtained an expression for the friction coefficient from the analysis of the
prototype data with Reynolds number from 200,000 to 20,000,000:

1
e 0.0519Re*> (2-73)
where f = friction coefficient in the Darcy-Weisbach equation.

From experiments (Reynolds number from 1,150 to 9,040, and the diameters of rockfill
from 7.5 mm to 46.4 mm), Li (1589) indicated that for the flow over rockfill surface, the
friction coefficient is not a constant but a function of the fluid field characteristics,
especially the Reynolds number;

f = 42267 Re*™ (2-74)

When ¢ > 0.05, Martins (1991) recommended that the following two expressions may
be used. The first expression is the Graf equation (1989):
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1 1
=2log—+1 2-75
I: Iog4£+115 { )

The second expression is the Thompson-Chambell (1979) equation:

1 1.5
=2(1-0. — -
7; (1-08¢) log - (2-76)

However simulations during this research indicate that the above expressions lack
adquant precision for the practical design of an overtopped rockfill dam.
The Manning equation is written as (Sl unit):
R‘.‘BSIIB
n

U = (2-77)

where n = Manning coefficient which depends on the characteristics of the surface
roughness alone. From Martins's (1991) result, n may be expressed as:

dlfﬁ
n=— (2-78)

where d = the diameter of rockfill, which may be represented by the dsq or dgg size (in
meter).
By Strickier equation:

n = 0.0474d,," (2-79)

where ds, = median bed material size in m.

Maynord (1990) studied on the resistance of flow on riprap with diameter dgg = 0.055 ft
to 0.444 ft and the ratio of water depth to ds5q larger that 5. With the data collected
from others, he obtained the following relationships for the Strickler equation;

n =0.0360D,," (2-80)
and
n =00380D,," (2-81)

where Dgq and Dgg are in feet.
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Very limited experimental data is available on the value of n near the exit face of a
flowthrough rockfill dam. The only available but limited data is that presented by Sharp
and James (1963). Hansen (1992) performed simulation for their data and concluded
that the value of n at about 10% of the length of downstream slope from the seepage -
exit point to the toe of the dam was taken as a relatively low value (about 0.015-0.017)
and increased linearly along the seepage face to the toe, where the value of n was
taken as that for fully turbuint flow. The value of n at the downstream toe caculated
from Stricker equation is found to be higher than indicated in data presented by Sharp
and James ( 1963).

Hansen's consideration (1992) about the linear variation of n along the downstream
slope of an flowthrough and overtopped rockfill dam will also be used in the present
study. Eq. (2-81) will be used in the design to predict the value of Manning coefficient n
at the toe of the downstream slope.

2.8 Unraveling Failure of the Downstream Slope

Isbash (1935) investigated the construction of dams by dumping rounded stones into
flowing rivers. He conducted a series of experiments that yield an expression indicating
the critical transport velocity for displacing rounded stones as:

2
v= C[Zg [——-’“;7 "')] D, (2-82)

where
v = the velocity acting against the individua! stones;
Dsg = average stone size;
vg = the unit weight of the stone;
C = a coefficient. For low turbulence, C=1.2.

A comprehensive investigation was also conducted by Olivier (1967) on the flow
through and over rockfill dams. A series of laboratory experiments were performed to
evaluate how' rockfill could be safely overtopped by floods both during and after
construction without risk of failure, Olivier carried out his experiments in 56cm wide and
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152cm long flumes on slopes ranging from 8 to 45 %. Median stone sizes ranged from
1.3cm to 6cm for crushed granite and from 1.6em to 2.6¢m for pebbles and gravel.

Clivier observed two distinct stages during each test: threshold flow and collapse flow.
Threshold flow was defined when incipient stone movement occurs. Collapse flow is
the final stage where stone failure resuits. Olivier was the first to recognize that
channelization occurred between the threshold and collapsing stages.  Olivier
empirically derived an expression for overtopping flow linking the design parameters of
unit flow, slope, and median rock size for crushed or rough stones to threshold flow.
The unit discharge at the stone movement is given by:

3

Iy oy T
q.= 0.423D533'{1'?—t‘3-| i (2-83)
w oJ

where
qer = the critical unit discharge at stone movement;
i = the embankment gradient.

Hartung and Scheuerlein (1970) performed a series of overflow tests in a steep flume
simulation steep open channels with natural roughness. The maximum unit discharge,
Admay: that would resist stone movement can be expressed as:

G =TYm V, (2-84)

where
I- I

V. = 12{2 [7—:11} . cos 8 )* (2-85)

=120 @
and

r=Zu (2-86)

Y

or

T=1-13sin 6 +o.os~§- (2-87)
where

Ym = the mean water depth;
& m= the mean roughness height, § m = dg/3;
ds = the equivalent diameter of the stones (here it is equal to dsy);
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0 = the angle of the slope;

T = the aeration factor,

V= the critical velocity at which the stone begins to move;
vwi = the specific weight of the air-water mixture;

g = the acceleration of gravity.

Stephenson (1979) performed a stability analysis for the stones placed on the
downstream face of a rockfill embankment subjected to overtopping. His analysis of
the hydraulic reaction on the resisting stones related the stone size to the slope angle
and flow rate. The equation that Stephenson derived to determine median stone size,
d, for the threshold flow is expressed as:

3
q.(tan 8)"°ns
|: Cg":[(l ~n)(S -1)cos O(tan 6 - tan 6)1513 j[/ (2-88)

where
qer = the threshold unit discharge;
n = the porosity of the rockfill;
S = the specific gravity of the stone;
6 = the slope angle;
¢ = the angle of friction;
g = the gravitational acceleration;
C = the coefficient which is derived from Olivier (1967) and reported to be 0.22
for gravel and pebbles, and 0.27 for the crushed stone.

Knauss (1979) performed a comparison of the Olivier (1967) expression, (2-87), and
the Hartung and Scheueriein expression, (2-88), for the overtopping conditions. He
determined that both equations were valid for crushed stone with angular shapes.
However, Knauss (1979) recommended the Hartung and Scheuerlein equation (1870)
for the design of overtopped rockfill dams with steep downstream slopes ranging from
20 to 67%.

Powledge and Dodge (1985) conducted a series of small-scale overtopping tests using
riprap as embankment protection on the downstream face. Since the tests were to
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evaluate embankment protection and not to provide riprap design criteria, the riprap
fluidized and eroded the embankment. Powledge and Dodge determined that
improperly designed riprap did not provide erosive protection to the embankment from
overtopping flow.

Abt and Johnson (1991) conducted experiments for overtopping riprap protection with
median stone sizes, Dgg, from 2.58cm to 15.75cm. The tangent of the slope varied
from 0.01 t0 0.20. The proposed formula to estimate the minimum median stone size
required to withstand a design overtopping unit discharge on an embankment with
specific design slope is:

Dy, =523i°%¢**  (in) (2-89)
where

qf = the unit discharge at failure (cfs/ft);
i = the gradient of the slope.

Eq. (2-89) may be rewritten as:
Dy, =0505i *Pg,°*  (m) (2-90)
The unit discharge qf may be determined by:

q: = c.q (2-91)

where
¢ = concentration coefficient determined by the condition of overflow
concentration. The following value is recommended by Abt (1987):

1.0, for overland sheet flow;
¢; = 2.0, for a high probability of concentrated flow;  (2-92)
3.0, for a high probability of channelized flow.

The depth of the protection layer is given by Abt's formula (Abt, 1988);

t, = max{1.5D,,, D,, } (2-93)
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Abt and Johnson (1991) also indicated that the rounded riprap appears to require
oversizing of about 40% to provide a similar level of protection as angular riprap. But in
rockfill dams, the shape of rock particles is usually not rounded.

2.9 Discussion and Conclusions

Previous results from literature review that are satisfactory for use in the design of an
overtopped rockfill dam are listed below:

(1) Goveming equation of spatially varied flow at the downstream slope of a
flowthrough and overtopped rockfill dam and the solution procedure proposed by
Chow;

(2) The variation of Manning coefficient n along the downstream slope or the equations
for friction coefficient of overtopping flow proposed by Hansen (1992);

{3) The equation for the discharge of overtoping flow;

(4) The wedge method for the stability analysis of a fiowthrough rockfill dam;

(5) Equations for unraveliing failure of the downstream slope.

The literature review in this chapter also shows that in order to develop a proper design

methdology, it is necessary to conduct research in the following areas:

(1) The general re ationship between the Reynolds number and the friction coefficient
of the seepage in rockfill.

(2) The general relationship between the hydraulic gradient and the velocity of seepage
flow in rockfill.

(3) The difference between all the available formulae for non-Darcy flow by the
computer simulation with wide range of porosity and size of rockfill to show the
behaviour of all the different formulae. Comparisons between the simulated results
of available formulae and the available prototype data are also required to achieve
at the best expression for design.

(4) Determination of the hydraulic mean radius of rockfill material by empirical
relationship;

(5) Estimation of seepage discharge through a rockfill dam without numerical
modelling.
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(6) High-accuracy finite element method to model the non-Darcy seepage field within a
flowthrough and overtopped rockfill dam.

(7) The failure pattems of a flowthrough and overtopped rockfill dam.

(8) Formula for the design of large-size particles protected at the downstream siope of
a flow-through (seepage flow} and overtopping flow rockfill dam.

(9) Formula for the design of mesh protection at the downstream slope of a
flowthrough and overtopped rockfill dam.

(10)Formula for the design of steel bars protected at the downstream slope of a
flowthrough and overtopped rockfill dam.

(11)A practical design methodology which applies to smali flowthrough and overtopped
rockfill dams,
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Table 2-1 Previous research on non-Darcy flow

Researcher

Forchheimer 1901

Isbash 1931

Weiss 1951

Escande 1953

Cohen de Lara 1956

Wilkins 1956

Slepicka (1961)

Sharp & James 1962

Wilkins 1953

Parkin 1963

Description of work
Quadratic non-Darcy law based on experimental data

Power non-Darcy law based on experimental data and also
dimension analysis

Documented construction and performance of rockfill
spillways in Maxico

Tests on rectangular model dams, 3.5 cm rock. Equation for
the seepage coefficient assuming that the exponential

constant is 2.

Tail water effects on the quantity of the seepage discharge
and on the stability

A widely accepted exponential expression based on
experimental data using hydraulic mean radius. Non-Darcy
fiow net

Research on a new formula of exponential law based on
dimensional analysis ans semiempirically.

Detailed experiments & analysis of spatially varied flow

Stability analysis using Bishop's method. Suggestion for
reinforcement

A partial deferential equation for non-Darcy flow. Flow zone
of flow when inbulit spillway present '
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Table 2-1 Previous research on non-Darcy flow (continued)

Researcher

Dudgeon 1964,68
Curtis & Lawson 1967
Olivier 1967

» Sarkaria 1968

Volker 1969

McCorquodale 1971
Parkin 1971
Arbhabhirama

and Dinoy (1973)
Basak (1977)

Stephenson 1978, 79

Gerodetti 1981

Description of work

Colurmnn tests on 15 ¢cm rock. wall effect

Finite difference method for pore pressures

Overflow equation for threshold discharge for gradual slopes

Tests on reinforced model dam at Froude scale

Concurrently developed FEM coding for computing pore
pressure, free surface , and discharge

FEM coding for computing pore pressure and free surface

FEM for pore pressures and Bishop's method estimating the
location of reinforcement

Experiments on different sand and gravel

Analysis on constants of exponential law.

Dimensionless free water surfaces, textbook on rockfill in
hydraulics

Model dam tests with full-height central impermeable core.
Gabon's on downstream face found inadequate. Emergent
important



Table 2-1 Previous research on non-Darcy flow (continued)
Researcher Description of work

Jain et al 1988 Model tests to determine total head loss when no impermeable
facing present. "variable gradient method" for computing
phreatic surface and approximate flow net ’

Li and Hu 1988 General expression for the coefficients in power non-Darcy
law. Simulation iaw for non-Darcy flow and overtopping flow

Hu and Li 1988 Experiments for fiow net and the stability of a overtopped
rockfill dam under construction in the flood period

Hu et al 1988 Designh and prototype study on flow through and overtopping
of a rockfill dam under construction

Hu and Li 1986-91 Experiments for the flow net of flowthrough rockfill dam and
overtopped rockfill dam, and failure conditions.

Martins 1990 Packed column tests on a variety of material. Effect of
gradation of the media.

Kells 1990-94 Flow through and over gabion weir, spatially varied flow.,
Hansen, Shape factor of rocks, packed column tests, Finite difference
Garga, method for non-Darcy seepage flow with given water surface,

ancd Townsend, 1992 wedge method and Bishop method for stability analysis.
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Table 2-2 Some Prototype Flowthrough and Overtopped Rockfill Dams

Name of Dam Descriptive Notes
& Documentor

San lidefonso, Completed 1939 in Mexico.
Weiss (1951) H=62m, B = 5m. Downstream slope 1V:4H.
Rebar lattice + tie backs,
Undamaged by 142 m3/s flood, but subsequently damaged by
another flood after mesh removed.
Present status unknown.

Osceola, Completion date unknown; lowa, USA.
Barr & Rosene H=3.6m, Bg=2.4m, L, =30.5m
(1958) downstream slope 1V:5H; Concrete apron over the toe,

Design discharge = 76.5 m3/s
Present status unknown.

Hellhole, Partly completed in 1964; Califomia, USA.
Johnson (1871) H=67m, B =18.3m
Downstream slope: 1V:1.3H, no reinforcement.
Failed by flow of about 56.6 mS/s
Present status unknown.

Cethana Completed 1971 in State of Tasmania, Australia.

H. - E.C. (1869) H=110m, Be small, Lo=215m

Varty et al (1985) Downstream slope 1V:1.3H; gabion lattice + tiebacks.
Damaged before completion, repaired.
Subsequently undamaged by "massive" flood.



Table 2-2 Some Prototype Flowthrough Rockfill Dams/Spillways (continued)

Name of Dam Descriptive Notes
& Documentor

Deyuxue Place unknown
Chen and Jin H=125m, Lo =479 m
(1982) Downstream slope 1:1.3

1964 failed before completion, water head over upstream facing
about 41 m. discharge at initial failure at the toe due to seepage
through about 540 m3/s. The hydraulic gradient at the initial
seepage - through failure is 0.277. The dam failed progressively
due to instability of the downstream slope

Diexi Mingjiang, China
Chen and Jin Dimension of the dam unknown
(1982) Particles with diameter greater than 15 ¢m only accounted for

30% of the dam, particles with diameter smaller than 0.5 ¢cm
accounted for 40%. Seepage discharge is small.
Failed due to overtopping.

Dahaizi Mingjiang, China
Chen and Jin particles with diameter greater than 1 m accounted for about
(1982) - 70%, and mainly placed at the low part of the dam,

only a few small fragment placed at the top of the dam.
worked well.

47



Figure 2-1(a) Nomenclature used for a flowthrough rockfill dam (after Hansen, 1992)
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- total discharge Q=Q+Q
Q°>> Qs

',_7

/>/ porosity n .
upstream average size ds, Q,: overflow discharge
impervious
facing
\ Q: flowthrough discharge downstream
4

Figure 2-1 (b} illustration of a flowthrough and overtopped rockfill dam

Freefall zone

/

&

porosity n
average size ds;

upstream
impervious

facing \

downstream

Figure 2-1 (¢) lllustration of free fall zone in a flowthrough rockfill dam

49



ll.lfil_llllr.lrl.l‘. - PR P
Un
- — = fy—-
£l
-
= sl R
Lt TR 1 =3 0 i it £ 5 1 ol 561 bl s
— Hu [ 0 I N N, SRR L= b~ |u- _Muil..t
il 1 i AR
— & c € j— llrnlltuu..wur_ﬂ_l!cq
[ wwmw - ..||x...__MA.‘“ﬂ|l
"o e a . b m.__.n.“m.‘.a
1T A [
4, “n.
adn _nnuu g
[T TEl= p— [ ..wr% Y—Q.q |||i|| v-.
a1 9 0 i sl %_? P
- Xy —p— -~
™ [~ SN ;
it Py
— - — N ol T U S S D
L7
i
rd
4 i O I
PR FFE u.n!wﬂ.l o 58 el Sl ol vtk 4
[~ of 1 0y O it i O ¥ gl il nil vningny
— A e
r..._rwn
it -
\.‘
£ -
ad MII-.AQ.A - ~ m‘llt.ai Lol ”~ -
u-f ) B4
[ ]
— et h
Y P

~

vd
Ergun, 1952.

Re =

1=-n

a)

103

O o
©
u
-t
[
&
>
e
-1 [
a o
o a
L] [ ]
o m

stone
stone

a o0
)
o
£
[y,
=
R,
e o
& &
m @©

stong
stone

o ‘mo ‘mo e °
\ -
/
af
i
of
of
£ b 4
W..- i
173
clﬂ 3
2
i
~
of
/]
Caorw v ¢ m ™ %
A
8208
2,
L

Parkin, 1963a.

b)

Figure 2-2 Examples of friction factor versus Reynolds Number plots for flow through

porous media (after Hansen, 1992)

50



L] T T v v v ' Laper-marvsl 0w
~ 0 Soma, C1O294
N\ 0 Sord, €1 0204
sk - & ArGuor Qrowt Mot Qo0 3T
o Arguar Growel No |, s 0333
0 Angur Orovel Mo 2, C 0322
+ Pourd Grovel, C1 Oi&l
p Angust Gravel No X, Ca O 249
TP = o Poud Coaovel L+ 0240
v Arpsos Grewet e 3, CrO M3
ok
~N
hY
b4 N> a3
"
- az}
oy
o . AreaD {MET),C 106
o MeaD (r9e7), CrO8E2
o ArmED{M4T) CoOTID —— ]
aosk o Arm{D{Mm&T) C+O M3 T
- s {970), € +0O3)
- SUNADA (B63), C+OH = t/R, +C
- WARD {1964] Cr O3
oo 7]
oo N 1 b L 4 1
] 02 Q3 10 2 wo poe] 00 oD
/2
vK
Re =
v
a) Arbhabhirama and Dinoy, 1973.
Iy
e Dudgeon » Rose (Cubes)
* Kovacsl 11} == ARmecs Equorion /
1o « Lane — Word's Equebion ﬂ'@?“
= Rose(Coke) *«  Univ of Windior ﬁ;:
™~ .
[ 2 | = Rose(Spnereal =— Geaeral Equation -‘%«5
c 10° | Rty 3
- ey
(S i
- - '
o R
. a®|a ® cjar ":"g.n't;":f;\.j'“
\-‘- _-u “ ':.' 1 -3‘ '“;.-'nf L] .::"::'5 " 1y
109 o PP
16" -
e W W W e Tl TS N s a1

nVv

f
ﬂcl Ty [0.5 - 0.5 ?:]

b) McCorquodale et al, 1978.

Figure 2-3 Examples of friction factor versus Reynolds Number plots for flow through
porous media (after Hansen, 1992)

51



b

flow line

\

equipotential line

Figure 2-4, non -Darcy flow net for isotropic homogeneous porous media
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FB is the vector sum of Fo and Wo

8 '8 Jpper downatresam face
active wadge of dam

P lowar
Ta- wage

R

— o
a) forces In the upper wedge.

Dimensions of vertical segment ghown,
h, by w, are greatly exagerated.

:
ictitioua Pt

+ wall
.

5 Fro
: Local FOS » F_

M

"o

b) determination of local FOS at the base of a single vert-.icai

segment within the lower wedge.

|
|

Figure 2-7 Schwmatic diagrams pertaining to the wedge method (after Hansen, 1992)‘
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Chapter 3 Theoretical Solution for the Seepage Flow
in Overtopped Rockfill

3.1 Introduction

For flow over rockfill dams with wide profile, and fiow over permeable beds, the
existence of turbulent overtopping open channel flow, seepage flow, and the potential
movement of materials makes the overtopping phenomenon very complicated. Figure
3-1 shows a simplified section along the flow direction, where seepage flow occurs
through the rockfill and an overflow oceurs in the main channet above it. The domain of
the open channel above the rockfill or gravel is defined as the main channel. The
domain at the lower part of the rockfill or gravel bed where normal pressure seepage
exists is called the normal pressure seepage zone or simply as the pressure seepage
zone. The domain between the main channel flow and the normal pressure seepage
zone is defined as the transition zone, t, in Fig. 3-1. Previous experimental and
theoretical studies (Zagni, 1976, Gupta, et. al, 1985, Li, 1990) show that:

(1) the hydraulic characteristics of general open channel flow dominate in the
main channel, but the velocity at the bottom of open channel flow is not equal
to zero, but a so called slip velocity Vg ;

(2) at some distance below the normal surface of the rockfill or gravel bed, the
normal pressure seepage flow occurs with 2 uniform velocity q4;

(3) for flow above the normal surface of gravel bed, a legarithmic velocity profile
fits well with the experimental data with some modifications:

(4) the shear immediately above the gravel bed of overtopping flow is influenced
by both overtopping flow and seepage flow conditions:

0,
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(5) between the top surface of rockfill boundary and the pressure seepage zone,
there is a transition zone in which the fluid is not only acted upon by the seepage

gradient, but also by shear stress acting at the main channel-transition zone
interface.

The fluid shear stress in the permeable bed decreases very rapidly with the depth
below the interface between overtopping flow and seepage flow, as a result of the
transfer of momentum from the fluid to the particles. In order to obtain a compiete
velocity distribution profile with depth, it is important to define the depth of the
transition zone and the velocity distribution in the transition zone for many practical
problems related to overtopping flow in rockfill dams, and gravel river reaches.

Little information related to the velocity profile at the transition zone is available in the
literature.  This may be due to the difficulty in diract measurement of seepage
vejocities. Gupta, et. al (1985) derived two complex expressions for the depth of the
transition seepage zone based on two assumptions.

This paper presents the analytical solutions based on the theory of turbulent fluid fiow
and non-Darcy seepage law in the transition zone. 1t is subsequently shown that the

solutions derived in the present study lead to much simpler and practical expressions
for the thickness of the transition zone.

3.2 Turbulent theory and governing equations

Considering the force balance of an eiement in the transition zone in Figure 3-1:

7 (y+dy)-z(y)
dy

iy + R

—f,dxdy =0 31)
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where
fq = drag force per unit volume;
dx = the dimension in x direction of the element ;
dy = the dimension in y direction of the element ;
7(y) = shear stress at the bottom of the element;
7(y) = shear stress at the bottom of the element;
t(y+dy) = shear stress at the top of the element;

P(x) = total pressure at the left side of the element;

P(x+dx) = total pressure at the right side of the element.

From Taylor's series:
ap R
p(x +dx)= p(x)+ ;dx +0(dx") (3-2)
and
T 4
T (y+dy)=<¢ (Y)+a—y+ 0(dy~) (3-3)

Ignoring the 2nd order terms in Eqs. (3-2) and (3-3}, and substituting in Eq.(3-1),

———==_f,=0 (3-4)

Due to the momentum transfer from overtopping flow to the transition seepage zone,

the flow in the transition zone is unlikely to be laminar (Gupta, et. al, 1985). The non-
Darcy law may be represented by two expressions. The first is the power law :

q= k il!N (3_5)

where q = seepage velocity (bulk) within the porous matenal;
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k = general seepage coefficient;
i = gradient of the overtopping water surface;
N = exponent of seepage law.

The second expression is from Ward's seepage refationship (Ward, 1964):

H c .
fi=1-q+7=p q (3-6)
kP kP

where p = the dynamic viscosity of fluid;
p = the density of fluid;

kp = non-Darcy seepage coefficient;
¢ = dimensionless coefficient in Ward's relationship.

Eq. (3-6) was expressed by Zagni (1976) as:

dp # c 2 (3_7)

where g4 = the seepage velocity in the normal pressure seepage zone;
dp/dx = the pressure gradient of the overtopping flow in main channel flow.

It can be shown that the term i in Eq. (3-5) has the following relationship:

172 '
P (3-8)

i=———

¥y 8 x
where v is the unit weight of the fluid flow.

Substituting Eq. (3-8) in Eq. (3-5), and gi =0 in Eq. (34) for unit volume:
X

f=r (3)
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In the normal pressure zone, the flow velocity may be obtained by the following

expression:
op G\
_— =y (2
=7 G (3-10)

From the turbulent theory of fluid mechanics (Jin, 1989), turbulent shear stress is
expressed as

3
r= pv{-g-% (3-11)

where
T = shear stress;
v = kinematics eddy viscosity.

The Prandtl mixing length theory (Jin, 1989) gives the following relationship:

v,= pzba—g‘ (3-12)

where Ip = Prandtl constant. From consideration of turbulent flow in a two-dimension
boundary layer, the Prandll mixing length may be expressed as (Jin, 1989);

L=t | (3-12-1)

where
B = constant of turbulent structure;
t = the thickness of the transitional zone.

Considering that % >0, Eq.(3-12) becomes:
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v, =Bt 2%‘— (3-13)
From Eqgs. (3-11) and (3-13), T may be expressed as
t=pB ztz(j—i)’ (3-14)
Substituting Eqs. (3-6), (3-7), and (3-14) in Eq. (3-4):
pB* ( ) -—(q q‘)+T(q -q,) (3-15)
Substituting Eqs. (3-8), (3-10), and (3-14) in Eq. (3-4):
PB S (—) 17 -7 =0 (3-16)

Both Eq. (3-15) and Eq. (3-16) are the momentum equations for the transition seepage
zone. Eg. (3-15) utilizes the Ward(1964) seepage relationship , while Eq. (3-16) is
derived using Eq. (3-5) which is the well-known power law for non-Darcy fiow..

3.3 Boundary conditions and anaiytical solutions

(1) The boundary conditions

At the surface of the rockfill, y=0, and the shear stress T May be expressed as:
22,9 4 2
=pBt (g—yl,ﬂo) 317)

and the velocity is vo , i.e.,
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G|y=e = Vo (3-18)

where
vy = the velocity at the top of the transition seepage zone, which may be
determined by the velocity distribution of the main open channe! flow;
15 = the shear stress at the top of the transition seepage zone, which may be
calculated by the following equatibn:

7o = p U.2 (3-19)

where

U~ = shear velocity of the main channel flow.

At the bottom of the transition zone, y=t, the shear stress can be expressed as:
22,94 2
T|pe= 0Bt (a—yl,.-t) =0 (3-20)
and the velocity as:

Qy--t=Qq .- (3-21)

For gradually varied flow, experimental data by Hu and Li (1988) shown that the
pressure gradient in y direction is negligible, i.e,

)
o

]
o

(3-22-1)

1Y
"

and the seepage velocity gradient in x direction is negligible, i.e,
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)
.0

—=0 3-22-2

2 x ( )
So that,

dq dq

il .. § 3-23-1

Sy dy ( )
and

Zp_dp

—_— 3-23-2

Zx dx ( )

(2} Analytical solutions

Analytical solutions can now be derived for the depth t of the transition zones based on
the power law for non-Darcy flow and the Ward expression.

Eq. (3-16) may be written as

228 dg.. qN._-. .qli._
Let
icl—:z (3-25)
dy
then
d . dz . dz
—(z")=2z—=272"— 3-26
5 @)= =2 (3-26)
So,
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N_ N
2p8 2 é-'% - Sk—ﬁ‘ (3-27)
Integrating Eq. (3-27):
2 q.,q"
;ﬁ ‘t‘z’:Eg(N+l-qth+D) (3-28)

where D = constant which will be determined by the boundary conditions. By Eq. (3-
20),

ZL,,_, Ln-t ' | (3-29)

D is derived as

D = qlN-o-l - Q| =_q N+t (3.30)

Substituting Eqgs. (3-30) and (3-25) in Eq. (3-28):

22,99 M
gﬁ t (dy) kN [——N:-i__ql (q-q,)] (3-31)

Eq. {(3-17) may be written as

(3-32)

Substituting Egs. (3-18) and (3-32) in Eq. (3-31):
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& P T -
2p ety
> PE (3-33)

v, g ¥ .
i[n_“'Ch—_qlh(Vo -q,)]

Substituting Eq. (3-19) in Eq. (3-33), the thickness of the transition zone based on

power law Eq. (3-5) may be expressed as:

2 kMo

] N+l .
-q," (Vo —1q,)

t= N+
Vo —q,

N+1

In order to derive the velocity distribution in the transition zone, Eq. (3-31) may be

rewritten as:
qN+1_ 1N+l /3
-qNg-q))
— = 7 (3-35)
dy 28 2.2 NV
3 g
Let
28I s
6@ = ;mlg (3-36)
N N3
o @)
From Eq. (3-35), by integration,
(3-37)

y=-t+ | f£(qdq
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It is difficult to derive an explicit expression from Eq. (3-37). However a numerical
solution is easily obtained by successively assuming various values of q between q,
and vo, and calculating respective value of y.

Similarly, Eq. (3-15) which uses Ward expression for non-Darcy flow may be solved by
applying the boundary conditions [Egs. (3-17) to (3-21)], and the assumptions in Egs.
(3-22-1) to (3-23-2). The foilowing solution is then obtained:

2v.}
38
t= 3 2 3 3 (3-38)
H O VS + c +2 -
'k_(_o_','q#‘qwo)'*'ﬁ'(g_%"% Q -
L - . P
and
q
y=—t+ | £(qdq (3-39)
qQ
where
9
(: ﬂ :tz)us
f(Q=———2 (3-40)

s ¢ q°+2q° .
E AT g2 g 2gps

k,© 2 Je, o 3

P

3.4 Computation of seepage discharge

It may be observed from the above analyses that the thickness of the transition zone
may be calculated from Eqs. (3-34) or Eq. (3-38), and the velocity profile in the
transition zone may be obtained by Eq. (3-36) or Eq. (3-39). Computational results
using Gupta et al (1988) experimental data indicates that the value of the constant B is
about 0.0007.
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In cases wnen the thickness t is very small in comparison with the total depth h of the
rockfill or gravel bed, the total seepage flow may be evaluated by the following
expression (Gupta et al, 1985).

Q=[5+ (-9, ] (341)

h = the thickness of the rockfill or gravel bed;
Q, = total seepage discharge;
B = the width of the cross section for overtopping flow.

Eq. (3-41) assumes the velocity distribution in the transition zone is a straight line. This
simplification is usually reasonable when gradually varied open channel flow occurs,
since in practice, seepage discharge is usually much smaller than overtopping
discharge,

Gupta et al (1985) also derived two complex expressions for the depth of transition
zones. These expressions, referred to as, Model 1 and Model 2, were based on the
foliowing two assumptions respectively (Gupta, et. al, 1985):

v, =Bh{v,-q,) (3-42)

and
v, =Bh{qg-q,) (343)

where Bg = a constant whose value was not mentioned in Gupta, et. al's paper.

Eq. (3-42) relates to a constant eddy viscosity if vg, h, g4 , and Bp are constant. Eq.
(3-43) assumes that the eddy viscosity is a linear function of the seepage velocity.

The expression for Gupta's model 1 is:
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- vh  2¢ch k, v - t
=7q[§<v—.>“<a+m3—l>+“zfc—f(“—vf‘“‘>“lz

(3-45)
It is noticed that the solutions provided by Egs. (3-34) and (3-38) developed in this
paper are simpler in form to those previously proposed.

The availability of experimenta! results obtained by Gupta et al. (1985) also provides an
opportunity to compare the validity of the various expressions for the seepage flow.
The absolute relative deviation may be defined as:

x 100% (3-46)

where

AA = the absolute relative deviation;

Qosi = the seepage discharge simulated by the computational simulation

Qomi = measured seepage discharge;
n = the number of total set of conditions.

Table 3-1 lists the simulations with Eq. (3-41), for all the cases in previously published
experimental data by Gupta, et. al (1985). The simulation results from Gupta's two
models are also presented in Table 3-1 for comparison. It is noticed that AA for Eq. (3-
41) is 11.8%, and that for Gupta's model 1 and model 2 are 21.6% and 18.5%
respectively. Eq. (3-36) could not be compared since necessary parameters were not
provided in the Gupta et al (1985)'s published data.

The solutions presented above may be used to predict the seepage discharge for the
cases of rockfill dam overtopping, flow in grave! bed, and overland flow.
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3.5 Conclusions

1. By combining the Prandt| mixing-length turbulent model with the general seepage
law and the Ward's non-linear seepage equation, two analytical solutions are derived
and presented.

2. In comparnison to the other models, the solutions presented are simpler in form, and
with 3 relative error of 12%.
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Table 3-1, . Comparison of the Discharge Between Computational Models and
Measurement

Run Water | Qomi Gosi Qqs;i Qi
Number | Depth off Gupta Gupta's model 1| Gupta's model 2| the new|
overtopping | (em¥s) [ (cm®s) (cmss) model
(m) (cm’ss)
1 2.387 3.54 43.0 40.0 36.0 454
2 2.367 3.85 46.0 39.0 36.1 45.9
3 1.842 2.93 41.0 31.0 30.5 36.0
4 2.167 4.45 48.0 41.0 36.0 43.7
5 2.733 4,87 55.0 46.0 440 53.3
6 2.542 5.22 48.0 51.0 38.0 50.9
7 2.050 5.36 47.0 . 3 35.0 43.3
8 2.342 5.95 52.0 42.0 38.0 48.9
9 2.400 6.64 54.0 40.0 46.0 50.9
10 2,983 7.14 65.0 50.0 46.0 60.8
11 0.991 10.38 34.0 13.0 18.0 30.2
12 0.458 11.63 28.0 10.0 9.0 138.0
13 2.875 5.84 46.0 48.0 44.0 57.0
14 3.582 3.59 62.0 53.0 52.0 60.2
15 3.833 4.74 49.0 54.0 52.0 £6.5
16 3.217 5.82 63.0 49.0 48.0 62.2
17 3.209 7.78 84.0 91.0 0.0 65.3
18 3.383 3.70 £5.0 50.0 48.0 68.5
19 3.392 5.32 $6.0 51.0 £0.0 64.0
20 3.333 7.96 62.0 51.0 50.5 67.5
21 3.584 6.10 63.0 £6.0 50.0 68.2
2 3.325 6.91 65.0 51.0 53.0 65.7
23 4.917 262 65.0 68.0 50.0 56.8
24 4.475 3.56 72.0 64.0 67.0 68.1
25 4.000 4.79 70.0 60.0 62.0 70.9
26 4.092 6.31 69.0 63.0 58.0 76.0
27 3.817 8.21 75.0 61.0 59.0 75.8
28 7.585 3.55 62.0 99,0 58.0 96.7
29 7.657 4.45 104.0 107.0 57.0 104.2
30 7.383 5.30 113.0 99.0 85.0 107.6
31 6.908 6.47 135.0 113.0 93.3 110.2
32 11642 | 3.56 101.0 136.0 92.4 127.2
33 10.458 | 4.55 136.0 128.0 85.3 127.6
34 9.475 6.09 136.0 145.0 128.3 131.2
35 13.542 | 2.77 157.0 145.0 119.0 130.9
36 12192 | 3.54 155.0 136.0 108.0 130.7
37 12,667 | 4.26 185.0 141.0 142.0 141.0
38 12.408 | 5.08 228.0 140.0 133.0 146.6
39 12.092 | 5.61 159.0 138.0 137.0 148.6
40 12.066 | 6.28 172.0 140.0 134.0 153.7
41 11.941 | 7.17 185.0 139.0 135.0 158.2
AA 21.6% 18.5% 12.0%

™ The experiment data and the computational results of Gupta's model 1 and model 2
are from Gupta, et al.'s work (1985).
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Chapel 4 Experimental Studies at NRC Hydraulics
Laboratory

4.1 Introduction

Experimental studies were undertaken in the large hydraulic flume at the NRC
Hydraulics Laboratory in Ottawa. The objective of these experiments was to investigate
the following:
(1) the average and stochastic behavior of the seepage and overtopping
forces acting on the rock particles at the downstream face;
(2) the failure mechanisms of rockfill dams.

The flume at the NRC Hydraulics Laboratory has a cross sectional area 60 x 100 cm
(width x height), in which rockfill with diameter dsg of 3.0 cm was used. The porosity of
the rockfill dam was 0.41.

4.2 Model Description

The profile of the 2-dimensional physical model is shown in Figure 4-1. The dam
configurations were tested in two modes. In the first mode, the intent was to measure
the total force acting on the downstream face due to overtopping flow and seepage
flow. These experiments are called stable models. In the second mode of testing, the
rockfill embankments were taken to failure by increasing the discharge over and
through the dam. These are called unstable models.

(1) Stable Models

The dgg particle size on the exposed downstream slope of the dam was 4 cm. Two
force panels (which will be explained later) were installed at the face of the downstream
slope. Steel mesh with a size of 110x60 cm (length x width) was used at the lower part
of the downstream slope to keep it stable by affixing it to the side walls. Hence, all rock
particles at the downstream slope were protected and were not erodible, A
downstream gate, an upstream reservoir and pipe system to provide the flow to the
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model were designed and constructed for the experiments. Photograph 4-1 shows the
view of the downstream slope of the model.

The model dam is fully permeable since there is no impervious facing on either the
upstream slope or the downstream slope. Overtopping and seepage flows occur
simultaneously. The experiment were conducted in the following modes:

a. Constant discharge: The downstream gate was controlled to different openings to
generate all possible flow pattemns. The water surface levels, forces acting on the force
panel at the downstrearn slope, velocities, discharge, and pressure were recorded.

b. Variable discharge: The downstream gate was kept open to keep steep open
channel flow patten at the downstream slope. Levels of discharge were controlied by
the valve in the pipe connected to the upstream water tank. The data was recorded
with the data collection system.

In the present study the behavior of the forces on the rock particles due to both the
overflow and the seepage flow acting on the downstream slope of an overtopped
rockfill dam was investigated. As present, there is apparently no sound theory to
evaluate the combined forces due to overtopping and seepage flows acting on the
blocks of rockfill material at the downstream slope. Table 4-1 listed all the tests carried
out at the NRC Hydraulics Laboratory for the force measurement.

(2) Unstable Models

Two kinds of models were tested in the experiments to study the failure mechanisms of
rockfill dams with and without upstream impervious facing (Fig. 4-2).

4.3 Instrumentation and Data Acquisition
(1) Force Panels

The force panels were made by A. M. Comnett, a scientist at the Hydraulics Laboratory
at NRC (Comett, 1995).
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Two force panels made of aluminum "rock particles" with a diameter of 4 cm were
installed on the downstream slope of a rockfill dam. In each force panel, 50 irregularly
shaped, aluminum modeled rock particles were bonded together by spot-welds into a
rigid, porous, rectangular mat of armour stones (Cornett, 1995). The modeled rock
particles in each panel were randomly placed to closely approximate the packing and
porosity of the loose granite armour. Each panel represents a rectangular patch of
armour stones in a single layer with approximate overall dimensions 25 cm by 63 cm by
S em. Photograph 4-2 shows a photograph of the armour panels.

For each force panel, two load cells were located at the left side, and three at the right
side (Photographs 4-3 and 4-4). The force panels were installed as part of the surface
layer of amour at the downstream slope of a rockfill dam. Figure 4-3 shows the sketch
of the downstream slope amour layer and force panels.

For each panel, the three load cells in the x direction (along the downstream slope, see
Fig. 4-3) measure the force acting in this direction. The y component of the force is
measured by two load celis in y direction (y direction is vertical to the downstream
slope). The momentum in the xy plane due to overtopping and seepage flow can now
be calculated. The load cells are connected to the data collection system linked to a
VAX computer system. Figure 44 shows the plan view of a force panel.

Calibration of load cells was carried out in the NRC Hydraulics Laboratory. Every two
weeks, a disk with known weight (2 kg) was placed on the force panels at different
positions to check the load cells. The load cells feature a combined non-linearity and
hysteresis of 0.06% (Comett, 1995)

(2) Wave probes

Twelve wave probes developed at the NRC were used in the experiment to record the
water surface levels along the flume (Photograph 4-1). Each wave probes is made of 2
resistance wires. The water surface level was measured by the change of the
resistance and hence the voltage. The wave probes feature an accuracy of +1 mm.
Calibration was done regularly throughout the test by changing the elevation of the
wave probes with respect to a fixed water surface. The calibration error was less than
0.6%. Figs. 4-5 to 4-16 show the calibration of the 12 wave probes. All the wave
probes were connected to the data collection and computer system.
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(3) Velocity Meters

Two electronic-magnetic velocity meters made by NRC were used in the experiment to
measure the velocity distribution at the downstream slope in the flow (Photograph 4-5).
The Faraday principle of electromagnetic induction is used to measure the velocity of
fluid flow. These instuments feature similar performance characteristics, including
repeatability of 1% over a calibrated operating range up to 5 m/s. Calibration was done
monthly by towing through still water at various speeds. It was noticed these velocity
meters made by NRC have very stable behavior. Figs. 4-17 to 4-19 show the calibration
resuits.

(4) Pore Pressure Transducers (after Davies, 1992)

Small pressure transducers were used to measure the average and pulsating pressure
beneath the force panel at selected locations. The pore pressure transducers use a
miniature silicon bridge sensing mechanism, contained within a 3 mm diameter, 10 mm
long titanium housing (Davies, 1992). The sensing element is covered with a porous
ceramic disc which transmits soil loads to the housing so that only pore fiuid pressures
are measured by the silicon bridge (Davies, 1892). The transducers have a 7 kPa
range (capable of withstanding a 70 kPa over-pressure) and are highly linear. Electrical
connections to the transducer head are fully watertight and made through a 1.5 mm
diameter cable through which the back of the silicon bridge is vented to atmospheric
pressure. The pore pressure transducers used in the tests have a sensitivity of 4 mV
per volt of excitation, per meter of water head. Using 10V excitation and an analog gain
of 1000 applied prior to analog to digital (A/D) conversion of the signal results is a
gauge sensitivity of 40 volts per meter of water head. A/D conversion is a 15-bit system
over a range of +10 Volts which results in a bit resolution of 0.6 mV which
corresponds, in hydraulic terms, to a bit resolution of 0.015 mm of water head.
Transducer linearity represents an accuracy of 0.2% over the measurement range. This
comresponds to a maximum likely measurement error due to gauge non-linearly of +0.2
mm on a 0.20 m amplitude pressure wave.

(5) Discharge Meter

75



A discharge device (venturi type) installed in the inflow pipe was connected to a
pressure gauge to measure the discharge with relative error of £1%. The calibration
provided by NRC was:

Q = 22334 JAH (4-1)

where
Q = total discharge through and over the dam, in l/sec;
AH = head of water measured, in ni.

In the experiment, AH was measured directly to determine Q by Eq. (4-1).

(6) Videocorder and Camera

A videocorder was installed over the rockfill dam, which can be easily handled by the
operator to follow the tracks of the fast speed flow. A high-quality camera was used to
record the flow pattemns and the apparatus.

In the experiments, more than one thousand sets of data were recorded. Analyses
were done as the experimental results were being obtained to ensure that the data was
comect. Systematic analyses were carried out after experiments were concluded.

(7) Data Acquisition Software (Davies, 1992)
GEDAP is a general-purpose software system for the analysis and management of
laboratory data, including real-ime experimental control and data acquisition functions.

It is a fully integrated, modular system tied together by a common data file structure.
The system has many features, including:

i) a standard data file format so that any GEDAP program is able to process data
generated by any other GEDAP program;

ii) a consistent user interface so that all programs are easy to use in either interactive or
batch mode; ‘
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iii) a fully interactive graphics capability so that results can be conveniently examined at
any stage of data synthesis of analysis process; and

iv} a mechanism whereby data can be automatically identified and iabelled with correct
engineering units whenever they are listed or plotted.

The data acquisition software package uses a concept of header files to store all the
experiment setup and identification parameters to run each test. These disc files,
known as GEDAP port files, contain descriptive test parameters, such as nominal wave
conditions, wave type and model configuration. Also included are experiment setup
parameters, such as transducer calibration constants, the number of points sampled
per channel, the sampling rate and the gain factors to be applied to individual channels.

Demultiplexing was required to break up the multiplexed raw data files into individual
channel data files that could be used directly by GEDAP analysis and plotting
procedure files. The raw data, stored in millivolts, were converted to full-scale units
using appropriate port file calibration coefficients.

4.4 Behaviour of the Force Acting on the Rock Particles at the
Downstream Slope

4.4.1 Stochastic Behavior

As observed from the engineering experience and experiments, the movement of the
rock particles at the downstream slope of a rockfill dam is a stochastic process and very
difficult to predict. The turbulence of overtopping flow and seepage flow makes the
forces acting on the rocks at the downstream slope very complicated. No data is
available in the literature about the stochastic behavior of the forces a.ting on the rock
particles at the downstream slope of a rockfill dam.

In this study, stochastic process of the forces acting on the force panels was measured,
The GEDAP package of NRC Hydraulics Laboratory was used to analyze the data.
Figures 4-20, to 4-39 is one set of data of the analysis.



Figs. 4-20 to 4-23 are the signal, the spectrum, the probability density distribution, and
autocorrelation respectively for the total force, R. Figs, 4-24 to 4-27 are the signal, the
spectrum, the probability density distribution, and autocorrelation respectively for the
angle of the total force, R,,. Analyses show that most energy is within the range
between 0 and 10 Hz, the probability distribution is very close to Gauss distribution,
This force has previous been accounted for the instability of overtopped rockfill dams
(Hu and Li, 1989).

The results of pulsating pressures obtained at the Nanjing Hydraulic Research institute
are summarized in Appendix 2. The measurement of the pulsating force at the
downstream slope of an overtopped rockfill dam indicated that pulsating energy is
distributed in the frequency range of 0 ~ 10 Hz which is the same as that from the
measurement of the forces on the force panels at NRC. The probability density curve
of the pulsating pressure is close to the nommal (Gauss) distribution. The pulsating
pressure was found quite high due to turbulent seepage flow and the complicated
boundary condition. In Chapters 7 and 8, the pulsating force will be considered in the
stability analysis of the rock particles at the downstream slope of an flowthrough and
overtopped rockfill dam.

The Gauss distribution of the total force is useful for the future study on the probabilistic
analysis of the overtopped rockfill dam design.

Figs. 4-28 to 4-31 are the signal, the spectrum, the probability density distribution, and
autocorrelation respectively for the force in x direction, F,, (along the downstream
slope, and bottom up, see Fig. 4-3). Figs. 4-32 to 4-35 are the signal, the spectrum, the
probability density distribution, and autocorrelation respectively for the force in y
direction, F,, (vertical to the downstream slope, and out of the dam, see Fig. 4-3). Figs.
4-36 to 4-39 are the signal, the spectrum, the probability density distribution, and
autocorrelation respectively for the momentum ( M; ). It is noticed that all the curves
have simiiar characteristics of the total force.

4.4.2 Average Behavior
In the design of a rockfill dam protected by a steel mesh, large rock particles, or

concrete plate, the overtopping discharge is considered to be an important parameter
for the prediction of failure. No data was available for the relationship between the
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forces due to overtopping and seepage flow acting on the rocks at the downstream
slope and the discharge, or the upstream water head of overtopping flow, in the
literature prior to the experiments undertaken in this research.

In this series of experiments, the forces acting on the force paneis, the water depth,
and velocity were measured for each discharge. Analyses were conducted to reveal
the relationships between the forces acting on the rock particles at the downstream
slope and discharge, or water head when the downstream water level is very low and
no hydraulic jump occurs at the downstream slope.

(1) Relationship between R and Q

Figs. (4-40) shows the relationship between the resultant force R on the lower force
panel and the total discharge Q. It is clear that R increases with Q when Q is less than
0.09 m®/s (width 0.6m); when Q is larger than 0.09 m*/s, R varies insignificantly.

Figs. (4-41) shows the relationship between the resuitant force R on the upper force
panel and the total discharge Q. It is clear that R increases with Q when Q is less than
0.06 m°/s (width 0.6m); when Q is larger than 0.06 m®s, R is aimost constant.

(2) Relationship between R, and Q

Figs. (4-42) shows the relationship between the resultant force angle R,, on the lower
force panel and the total discharge Q. It is clear that R,, increases with Q in all ranges
of the measurement.

Figs. (4-43) shows the relationship between the resultant force angle R,, on the upper
force panel and the total discharge Q. It is clear that R,, decreases with Q.

(3) Relationship between R and H

The relationship between R and the upstream water head above the crest H is similar
to that between R and Q. Figure 4-44 and Fig. 4-45 show that for both the lower panel
and the upper panel, the increase of H, increases R. When H is large enough, R tends
to a constant.

79



(4) Relationship between R,y and H

The relationship between Ry and H is similar to that between R,, and Q. Figure 4-47
and Fig. 4-48 show the trends for the lower panel and the upper panel respectively.

All the analyses conducted is on the behavior of the quantity and angle of the total
force acting on the force panels. It is observed that for both panels, the quantity of the
total force remains virtually a constant when the discharge of water head is not small,
while the angle of the total force changes. This is the conclusion that can be obtained
at this stage. As the direction and the quantity of seepage feree and shear force on the
force panels are not known, it is not possible to separate the two forces at this stage.

4.5 Fiow Pattern at the Downstream Slope of an Overtopped
Rockfill Dam

It was found at the NHRI that there was no hydraulic jump at the downstream slope of
an overtopped rockfill dam without upstream facing when the size of rock particles in
the dam was large enough (>2.5 em). At the NRC Hydraulics Laboratory, this
conclusion was verified. Photographs 4-11 to 4-14 show all the flow pattems of an
overtopped rockfill dam in the large flume at the Laboratory. Photograph 4-11 shows a
hydraulic jump at the downstream of the toe (not at the slope), when the downstream
gate was fully open to make the downstream water level very shallow. With the
increase of downstream water level (controiled by the downstream gate), the
downstream water level met the downstream face (see Photograph 4-12). At this stage,
the water surface became wary, no hydraulic jump was found. With the increase of
downstream water level, the surface wave becomes weak (see Photograph 4-13).
When the downstream water level was high, there is no wave along the slope.
Comprehensive experimental studies from NHRI show that the absence of a hydraulic
jump can be attributed to the seepage flow out of the downstream face.
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4.6 Failure Condition of a Rockfill Dam

A series of tests for the purpose of observing the failure mechanism were undertaken
at the NRC Hydraulics Laboratory. Table 4-2 lists the detailed records of the
experiments. The conclusions are:

a. When the downstream water level is low, initial failure commences at the toe of the
rockfill dam if the discharge increases gradually. The failure of the downstream slope
occurs at the toe and progressively moves up-siope. Figure 4-48 shows the profile of
the dam after the failure (pattern 1).

b. When the downstream water level is low, initial failure may oceur at the downstream
slope near the crest if the discharge increases very rapidly. The failure proceeds very
fast downstream. Fig. 4-49 shows the profile of the downstream slope of the dam after
the failure (pattem 2). It is noticed that very fast speed of failure make the profile like a
sine curve. A deep depression was caused by the fast slide.

c. If a downstream pool level exists, the initial failure will occur at the slope where the
downstream water surface meets the downstream slope.

d. If the placement of rocks at the surface of the downstream is not even, rock particles
may start to move at very low discharge where the unevenness is large.

e. Anywhere along the downstream slope, local failure or movement of a few rock
particles may cause flow concentration. The concentrated flow will accelerate the

failure process of the downstream slope.

f. The higher the downstream water level, the higher the stability of the downstream
slope. The larger the discharge the less is the stability of the slope.
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4.7 Conclusions

1. For the first time, stochastic behavior of the forces acting on force panels is studied.
It is found that the probability distribution of the resultant force, and the angle of the
resultant force is very close to Gauss distribution, and most energy is within the range
between 0 and 10 Hz.

2. For the first time, statistical behaviour of the forces acting on the force panels for
overtopped rockfill dams has been studied. The resultant force increased with the
discharge and also with water head very fast and reach at a constant value as
indicated as both the upper and the lower force panels.

3. The initial failure of a uniform overtopped rockfill dam, unprotected or protected with
large rock particles, is local and shallow. The position depends on the downstream
water level,

Two basic possible failure pattems are found to depend on the rate of increase of the
upstream water level. An overflow rockfill dam can be protected from failure during an
extreme event if attention is paid to protecting the toe of the dam, and to controlling the
rate of increase of the upstream water level.

82



Test

Test1

Test2

Test3

Testd

TestS

Test6

Table 4-1 Test carried out at NRC (force measurement)

Date Performed

Main Purpose or Command

Q = discharge measured in discharge meter

Apr. 29, 93

Apr. 29, 93

May 4, 93

May 7, 93

May 10, 93

May 11, 93

Set up system for initial verification

Q=46.51 V/sec, undertake:
force measurement, velocity measurement,
and water depth measurements

=0.132 m°/sec, undertake:
force measurement, velocity measurement,
and water depth measurements

velocity meter not working, results not complete

Q=0.001 ~ 0.164 m¥sec,

study steep open channel flow, undertake:
force measurement, velocity measurement,
and water depth measurement

Q=0.083 m%sec,

study different flow pattem, undertake:
force measurement, velocity measurement,
and water depth measurement (some wave
gauges not working)
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Table 4-1 Test carried out at NRC (force measurement) (continued)

Test Date Performed Main Purpose or Command

Q = discharge measured in discharge meter

Testf7 May 17, 93 Q=0.0834 m*/sec,
study different flow pattem, undertake:
force measurement, velocity measurement,
and water depth measurement (some wave
gauges not working, downstream water level
influence the discharge)

Test8 May 18, 93 Q=0.0634 ~ 0.137 m*/sec,
study steep open channel flow, undertake:
force measurement, velocity measurement,
and water depth measurement

TestS May 26, 93 Q=0.0634 ~ 0.138 m*/sec,
study steep open channel flow, undertake:
force measurement, velocity measurement,
water depth measurement



Table 4-2 Test carried out at NRC (Stability)

Test Date Performed

Main Purpose or Command

Q = discharge measured in discharge meter

Stab1 July 6, 93

Stab2 July7, 93

Toe of the dam was protected with steel mesh,
discharge was increased slowly.

Two layers of particles with average size of 4 cm
were used to protect the downstream slope.
Initially individual particles moved due to the
overtopping flow (near the top of mesh),

finally the top layer slided, and then lower layer
also slided totally, Q=0.21 m¥/sec.

There is no steel mesh at the downstream slope.
Initially individual particles at the toe of the
downstream moved due to seepage flow;

Two layers of particles with average size of 4 cm
were used to protect the downstream slope.
when Q = 0.022 m¥sec, due to steep open
channel flow the rock particles at and near the
toe slide totally; when Q = 0.028 m%sec, 3 rock
particles at the downstream slope near the crest
slided; finally the downstream slope slid
resembling like a progressive failure, layer by
layer. The failure was originally due to the failure
of the toe,
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Test

Stab3

Uniform-

Tabie 4-2 Test carried out at NRC (Stability) (continued)

Date Performed

Main Purpose or Command

Q = discharge measured in discharge meter

July 8, 93

July 9, 93

Upstream slope was impermeable, and

there was no steel mesh at the downstream
slope. Initially individual particles at the toe of the
downstream moved due to the hydraulic jump.
Two layers of particles with average size of 4 cm
were used to protect the downstream slope.
When Q = 0.018 m*sec, individual rock particles
near the toe slid to and stop at the toe;

when Q = 0.022 m*/sec, more rock particles at
the toe of the downstream slope near the crest
slid; finally the downstream slope slid layer

by layer. The failure was originally due to the
failure of the toe.

Upstream slope was impemeable, and

there was no stee! mesh at the downstream
slope. Initially individual particles at the toe of the
downstream moved due to the hydraulic jump.
The dam was built of rockfill particles with
average size of 3 cm including the downstream
slope. During the test, the discharge was
increased slowly. Particles at the toe failed first,
then the rockfill near the toe. The failure
increased progressively, very similar to that in
Stab3. Fig. 4-48 shows the final profile of the
dam after failure.
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Test

Uniform2

Table 4-2 Test camied out at NRC {Stability) (continued)

Date Performed

Main Purpose or Command

Q = discharge measured in discharge meter

July 10, 83

Upstream siope was impermeable, and

there was no steel mesh at the downstream
slope. Initially individual particles at the toe of the
downstream moved due to the hydraulic jump.
The dam was built of rockfill particles with
average size of 3 cm including the downstream
slope. During the test, the discharge was
increased very fast to compare with the failure
pattern in test Uniform1. It is interesting that the
failure start from the position at downstream
slope near the crest. With the very fast rise of
upstream water level, the overtopping flow
reached the crest while there was no seepage at
that time. The failure proceeded very fast. The
final shape of the profile of the dam was like a
sine curve. The failure was very different from
the pattern described in Uniform1. Fig. 4-49
shows the final profile of the dam after failure.
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Figure 4 -1 Profile of the Model in the Wave Basin of NRC Hydraulics Laboratory
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Figure 4-2 Models in the wave basin of NRC Hydraulics Lab.
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Figure 4-3 Sketch of the downstream slope armour layer and force panels
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Figure 4-4 Plan view of a force panel
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Calibration of Channel 1

16:23 23 April 1993

WAVE Probe 1

Point
No.

& 8O

Nef A/D | Actual | Cal Error

Reading | Value | Value

(volts) (m) (m) | (m} ____1
3.208 [ 0.83700 [ 0.83687 | -0.00013387 T
2.546 | 0.73700 | 0.73727 | 0.00026673 | <= Maximum Error
1.878 | 0.63700 | 0.63687 | -0.00013280

Maximum Error = 0.133% of Calibration Range.

Definition of Calibration Curve

Y

where Y(t)

vi(t)
Co
and C|

Polynomial Degree = 1 (Linear Fit)

li

Co

wnuni

+ OV

WAVE Probe 1 (m),
sensor signal at Neff A/D converter (volts),
0.354402 m,
0.150395 m/volt. .

Cclibration of Channel No. 1  16:23 23—-APR-93
WAVE Probe 1
Gain =1 Polynomial Degree = 1
Maximum Absolute Error = 0.133%
0.9 N |
5 ; /
0.8 : t : / ! '
: ; | ; ;
3 — - :
a. i ! / i 1 !
I~ i | ' ; ‘ !
> " ‘ | : ;
< i ' i : :
g i / : ? 5
0.6 — T ; Z
! : f ‘ : :
i : f ! ; .
; ; ! i ! i
: : i i j
! ; : i ¢ i
0.5
1.2 1.6 2.0 2.4 2.8 3.2

A/D Converter Signal (volts)

3.6

Figure 4-5 Calibration of wave probe 1
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Calibration of Channel 2

16:23 23 April 1993

‘Wave Probe 2
Point | Neff A/D | Actual Cal Error
No. Reading | Value Value
(volts) {m) J__(m) (m)
1 3.311 | 0.83700 | 0.83690 { -0.00009578
2 2615 | 0.73700 | 0.73719 | 0.00019109 | <= Maximum Error
3 1.915 | 0.63700 | 0.63690 | -0.00009525

Maximum Error = 0.0955% of Calibration Range.

Definition of Calibration Curve

Y = Co+GCG -V
where Y(t) = Wave Probe 2 (m),
V(t) = sensor signal at Nefl A/D converter (volts),
Co = 0.362531 m,
and 7y = 0.143278 m/volt .

Polynomial Degree = 1 (Lincar Fit)

Calibration of Chennel No. 2

Wove Probe 2

Gain=1

16:23 23—-APR-93

Polynomial Degree = 1

Maximum Absolute Error = 0.0955%

6.9

Wava Probe 2 (m)

2.0

2.5

3.0

3.5 4.0

A/D Converter Signal {vo!ts)

4.5

Figure 4-6 Calibration of wave probe 2
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Calibration of Channel 3

16:23 23 April 1993

‘Wave Probe 3
Point | Neff A/D | Actual | Cal Error
No. | Reading | Value | Value
(volts) (m) (m) (m) |
1 3.161 | 0.83700 [ 0.83698 | -0.000016630 |
2 2471 | 0.73700 | 0.73703 | 0.000033379 { < Maximum Error
3 1.780 | 0.63700 | 0.63698 | -0.000016630

Maximum Error = 0.0167% of Calibration Range.

Decfinition of Calibration Curve

Polynomial Degree = 1 (Linear Fit!

Y = G+ G-V
where Y(t) = Wave Probe 3 (m),
V() = sensor signal at Neff A/D converter (volts),
Co = 0.379060 m,
and C; = 0.144870 m/volt .

Calibration of Channel No. 3 16:23 23-APR-93
Wave Probe 3
Goin=1 Polynomial Degree = 1

Maximum Absolute Error = 0.0167%
0.9 - , - :
| i { ' i
| /’
0.8 ; = i
S N S -
- |
3 0 ! . |_~ ; s :
& - L~ |
LJ i ! i
] . ; ! !
= | 5 |
0.6 // : ! ' !
i ‘ } i i
! i | |
| ! | ! i

0.5
1.2 1.6 2.0 2.4 2.8 3.2 3.6
A/D Converier Signal (volts)
Figure 4-7 Calibration of wave probe 3
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Calibration of Channel 4 16:23 23 April 1993 |

‘Wave Probe 4

Point | Nefl A/D | Actual | Cal Ecror
No. | Reading | Value | Value
(volts) (m) (m) (m)
0.714 | 0.53700 | 0.53724 | 0.00024211

1
2 2.156 | 0.63700 | 0.63664 | -0.00036216 | <= Maximum Error
3 5.065 | 0.83700 | 0.83712 | 0.00012004

Maximum Error = -0.121% of Calibration Range.

Definition of Calibration Curve
i Polynomial Degree = 1 (Linear Fit)
Y = G+6C.V
where Y(t) = Wave Probe 4 (m),
V{t} = sensor signal at Nefl A/D converter (volts),
Co = (0.488003 m,
and Cy = 0.0689267 m/volt .
Calibration of Channel No. 4  16:23 23—-APR-93
Wave Probe 4
Gain =1 Polynomial Degree = 1
Moximum Absolute Error = =0.121%

1.0
T 0.8 :
-
© I
=]
2
Q.
4
5 0.6 :

{
0.4 : ' - ‘
=1.25 0.0 1.25 2.5 3,75 5.0 6.25

A/D Converter Signa! (volts)

Figure 4-8 Calibration of wave probe 4
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Calibration of Channel 5

16:23 23 April 1993

‘Wave Probe 5

Point | Neff A/D | Actual Cal Error
No. | Reading | Value | Value
(volts) (m) (m) (m)
1 0.370 0.53700 | 0.53802 | 0.0010189
2 1.821 0.63700 | 0.63549 | -0.0015104 | < Maximum Error
3 4.827 ! 0.83700 | 0.83749 | 0.0004916

Maximum Error = -0.503% of Calibration Range.

Definition of Calibration Curve

Polynomial Degree = 1 (Linear Fit)

Y = G+ G-V
where Y(t) = Wave Probe 5 (m),
V(t) = sensor signal at Neff A/D converter (volis),
Co = 0.513133 m,
and ¢y = 0.0671995 m/volt .

Ceolibration of Channel No. 5  16:23 23-APR-93
Wave Probe 5
Gain=1 Polynomial Degree = 1
Maximum Absolute Error = =0.503%
1.0 ; :
T 0.8 F : el :
\E : ' : / :
-4 i : ‘ | !
L M R . !
o . . / : ;
e | i ;- ; ;
: ' | J t ? z
P 0.6 ; : ' 3
; ; , %
i : ; §
i i i i i
! | ! ! |
0.4
-1.25 0.0 1.25 2.5 3.75 5.0 6.25
A/D Converier Signal (volts)
Figure 49 Calibration of wave probe 5
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Calibration of Channel 6

16:23 23 April 1993

Wave Probe 6

Point | Nefl A/D | Actual Cal Error
No. | Reading | Value | Value
(volts) (m) {m) (m)
1 3.241 0.83700 | 0.83725 { 0.00024605
2 1.908 | 0.63700 | 0.63625 | -0.00074679 | <+= Maximum Error
3 1.253 | 0.53700 | 0.53750 | 0.00050074

Maximum Error = -0.249% of Calibration Range.

Definition of Calibration Curve

Y

]

where Y(2)
V()

Co

and &)

Co+ G-V

Polynomial Degree = 1 (Linear Fit)

Wave Probe 6 (m),
sensot signal at Neff A/D converter (volts),
0.348541 m,
0.150790 m/volt .

Goin =1

Calibration of Channel No. 6

Wave Probe 6§

16:23 23—-APR-83

Polynomic! Degree = 1
Maximum Absolute Error = =0.2497%

1.0
.................................... / e e eenepanenee

0 0.8
S
[ -]
o i
E-]
R R e L ‘
= /
] H
5 : - ‘
4 0.6 -

0.4 1

0.6 1.2 1.8 2.4

3.0 3.6

A/D Converter Signal (volts)

4.2

Figure 4-10 Calibration of wave probe6
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Calibration of Channel 7

16:23 23 April 1993

‘Wave Probe 7

Point | Neff A/D | Actual Cal Error
No. | Reading | Value | Value
(volts) (m) | (m) | (m)
1 3.949 | 0.73700 | 0.73677 | -0.00022668
2 3.302 | 0.63700 | 0.63745 | 0.00045043 | <= Maximum Error
3 2.646 | 0.53700 | 0.53678 | -0.00022364

Maximum Error = 0.225% of Calibration Range.

Definition of Calibration Curve

Polynomial Degree = 1 (Linear Fit)

Y

where Y(t)
V(1)

Co

and C]

L

Co+C1-V

Wave Probe 7 (m),
sensor signal at Nefl A/D converter (volts),
0.130426 m,
0.153544 m/volt. .

Calibration of Chonnel No. 7 16:23 23-APR-93
Waove Probe 7
Gain=1 Polynomial Degree = 1
Maximum Absolute Error = 0.225%
0.8 : :_
0.72 : el
T Nz
o i
K 0.5¢ -
& L~
o .
b= (PO U O pnrrl PO [T SO SRS UUY SO
8 ) ‘
= ; 4
0.56 ; L
A i i
0.48
2.0 2.4 2.8 3.2 3.6 4.0

A/D Converter Signal (volts)

4.4

Figure 4-11 Calibration of wave probe 7
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Calibration of Channel 8

16:23 23 April 1993

Wave Probe 8
Point | Neff A/D | Actual Cal Error
No. Reading | Value Value
(volts) | (m) {m) (m)
1~ [ 8749 ] 0.63700 | 0.63670 | -0.00030023
2 7.209 0.53700 | 0.53745 | 0.00044888 | «— Maximum Error
3 4.096 | 0.33700 | 0.33685 | -0.00014853

Maximum Error = 0.150% of Calibration Range.

Definition of Calibration Curve

Y = G+ C-V
where Y(t) = Wave Probe § (m),
V(1) = sensor signal at Neff A/D converter (volts),
Co = 0.0729101 m,
and Gy = 0.06443% m/volt .

Polynomial Degree = 1 (Lincar Fit)

Wove Probe B (m)

Calibrotion of Channel No. 8  16:23 23-APR-83

Wave Probe 8
Gain =1 Polynomial Degree = 1
Maximum Absolute Error = 0.150%

0.75

0.625

0.5

0.375

e

0.25

—

2.5

375

5.0 6.25 7.5 B.75
A/D Converler Signal (volts)

10.0

Figure 4-12 Calibration of wave probe 8
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Calibration of Channel 9

16:23 23 April 1993

‘Wave Probe 9
Point | Neff A/D | Actual Cal Error
No. | Reading | Value | Value
{volts) (m) {m) (m)
1 9.375 | 0.73700 | 0.73691 | -0.00008863
2 7.819 | 0.63700 | 0.63718 | 0.00017685 | < Maximum Error
3 6.254 [ 0.53700 | 0.53691 | -0.00008816

Maximum Error = 0.0884% of Calibration Range.

Definition of Calibration Curve
Polynomial Degree = 1 (Linear Fit)
Y - Co -+ CI Vv
where Y(2) = Wave Probe 9 (m),
V() = sensor signal at Neff A/D converter (volts),
Co = 0.136125 m,
and Ci = 0.0640811 m/volt .
Calibration of Channel No. 9  16:23 23-APR-93
Wave Probe 9
Gain =1 Polynomial Degree = 1
Maximum Absolute Error = 0.0884%

0.8 ! :
0.72 ,
g | é
= :
A : :
e 0.64 . T
a ! i
[ ! !

4 .
O . !
> :
0.56
s l
i '
[ |
0.48 -

5.0 6.0 7.0 8.0 5.0 10.0 11.0

A/D Converter Signa! (volts)

Figure 413 Calibration of wave probe 9
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Calibration of Channel 10 16:23 23 April 1993

Wave Probe 10

Point | Neffl A/D | Actual Cal Error
No. | Reading | Value Value

|| (volts) | (m) | (m) | (m)

1 4.590 | 0.73700 1 0.73694 | -0.00005585
2 3.897 0.63700 | 0.63711 | 0.00011140 | «= Maximum Error
3 3.202 | 0.53700 | 0.53694 | -0.00005567

Maximum Error = 0.0557% of Calibration Range.

Definition of Calibration Curve
Polynomial Degree = 1 (Linear Fit)
Y = G+ C -V
where Y(t) = Wave Probe 10 (m),
V(t) = sensor signal at Nefl A/D converter (volts),
Co = 0.0754553 m,
and Cy = 0.144125 m/volt.

Calibration of Channel No. 10 16:23 23-APR-83
Wave Probe 10
Ggin =1 Polynomicl Degree = 1
Maximum Absolute Error = 0.0557%

0.8
e f /

0.64 ' —

e

0.56 / )

| e e

2.8 3.2 3.6 4.0 4.4 4.8 5.2
A/D Convertar Signa! (volts)

Wave Probe 10 (m)

Figure 4-14 Calibration of wave probe 10
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Calibration of Channel 11

16:23 23 April 1993

‘Wave Probe 11

Point | Neftl A/D | Actual Cal Error
No. | Reading | Value | Value
{volts) (m) (m) {(m)
1 6.074 | 0.43700 | 0.43650 | -0.0004953
2 7.690 | 0.53700 | 0.53801 [ 0.0010059 | <= Maximum Error
3 9.258 | 0.63700 | 0.63649 | -0.0005105

Maximum Error = 0.503% of Calibration Range.

Definition of Calibration Curve

Y

where Y(2)
v(t)
Co

and C:

Polynomial Degree = 1 (Linear Fit)

Co+C -V

Wave Probe 11 (m),

sensor signal at Neff A/D converter (volts),
0.0549786 m,

0.0628125 m/volt .

mmwauai

Calibration of Chonnel No. 11

16:23 23-APR-93
Wave Probe 11

Gain=1 Polynomial Degree = 1

Maximum Absolute Error = 0.503%

{ i
H 1

0.75

E  oes
L4
£
[
[
o
L
]

2 0.5

0.375

5.0

7.0 8.0 5.0
A/D Converter Signal (volts)

10.0

Figure 4-15 Calibration of wave probe 11

100




Calibration of Channel 12

16:23 23 April 1993

Wave Probe 12

Point | Neff A/D | Actual | Cal " Brror
No. | Reading | Value | Value
{volts) (m) (m) |  (m)
1 7.871 | 0.63700 | 0.63697 | -0.000031769
2 4.700 | 0.43700 | 0.43710 | 0.000095099 | < Maximum Error
3 3.111 | 0.33700 | 0.33694 | -0.000063360

Maximum Error = 0.0317% of Calibration Range.

Definition of Calibration Curve

Y

where Y(t)
V(t)

Co

and C

li

0.14

Co+ G-V

0840 m,

Polyromial Degree = 1 (Linear Fit)

Wave Probe 12 (m),
sensor signal at Nefl A/D converter (volts),

0.0630320 m/volt .

Wove Proba 12 {m)

Calibration of Channe! No. 12

Gain

Wave Probe 12

=1

16:23 23-APR-93

Polynomial Degree = 1

Maoximum Absolute Error = 0.0317%

0.75

0.625

/.

0.5

.

0.375

-

0.25

1.5

3.0

4.5
A/D Converter Signal (volts)

6.0

7.5

9.0

10.5

Figure 4-16 Calibration of wave probe 12
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Figure 4-41 Relationship between the resultant force R and the discharge Q

(lower panel)
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Figure 4-42 Relationship between the resultant force R and the discharge Q
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Photograph 44 A close view of the load cells at the left side of the model

133



"

d cells at

Photograph 4-8 A close view of e loa the right sie f the model
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Photograph 4-7 A view of the wave probe in the model

Phraph 4-8 | A view of the velocity meters at the downstream slope
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Photograph 4-9 A view of the pressure gauges used in the model

S
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t the toe of an overtopped rockfili dam

f the jump a

Photograph 4-11 A viewo

Phdtograph 4-12 A view of the wave at the slope of an overtopped rockfill dam
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Photograph 4-13 A view of the weak wave at the slope of an overtopped rockfill dam
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Photograph 4—14 A view of the submerged downstream slope of an overtopped rockfill
dam
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Photograph 4-5 Flow over and through the downstream slope of an overtopped
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owns!rem slope of
an overtopped rockfill dam (the colour of the second layer of
particles are yellow)
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Photograph 4-17 More rc:c-k particles move at the downstream slope
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Photograph 4-18 The surface layer of particles near the toe at the downstream slope

of an overtopped rockfill dam sl

d down

.
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S More slides at fhg rfaoe layer at the downstream slope
of an overtopped rockfill dam caused rough water surface

Photograph 4-20 Thel rock mass near the toe at the down
of an overtopped rockfill dam slid  down
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stream slope '
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Photograph 4-22 e ' nd layer of particlat th downstream slope
of an overtopped rockfill dam slid - down
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Photograph 423 The rock mass at the upper part of the downstream siope
of an overtopped rockfill dam slid. down

Photograph 4-24 The dowﬁstream slope of an overtopped rockfill dam slid - - at one
side and flow concentrated on the same side
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Chapter 5 Non-Darcy Law in Rockfill

Based on pipe theory and Taylor's (1948) definition for mean hydraulics radius in
rockfill material, theoretical relationships between friction coefficient and Reynolds
number, and relationships between hydraulic gradient and bulk seepage velocity have
been obtained. The new relationships between hydraulic gradient and this velocity are
then compared to the various formulae for rockfill available in the literature, and by
computer simulation. A comparison between the data from the flowthrough and
overtopped and the results obtained from available formulae will be presented. The
chapter also finds guidelines for the selection of hydraulic mean radius for rockfill, and

on the selection of the most appropriate theoretical expression for non-Darcy seepage
flow.

5.1 Introduction

Rockfill has been widely used in dams, embankments, river reaches, riprap and
breakwaters in coastal engineering. In flowthrough rockfill dams, the quantity of
seepage flow is substantial when compared to that in a conventional earth dam. Also,
in the former, the seepage forces on the rock particles are quite different from those
acting in materials where Darcy law applies. The flow net for the flow in rockfill
structures changes with Reynolds number. To determine the seepage discharge,
seepage force, and flow net in a rockfill structure, it is important to use a reliable non-
Darcy relationship, since the flow within a rockfill dam is usually turbuient. A knowledge
of the relationship between the velocities and hydraulic gradients is essential for
engineering design of flowthrough and overflow structures.

Two laws can describe the relationship between the hydraulic gradient and the bulk
velocity for the non-Darcy seepage flow in rockfill (non-Darcy fiow). One is the
quadratic law which was suggested by Forchheimer (1901);
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i= rVv+sv? (5-1)

where r and s are constants which depend on the characteristics of rockfill material, i is
the hydraulic gradient, and V is the bulk velocity.

The other is the power relationship which may have originated from Prony in 1804 as
reported by Jaeger (1956):

i = ¢,V (5-2)

where ¢ and ¢, depend on the flow condition, the characteristics of the porous media
and the fluid.

Both the quadratic and the power relationships are based on experimental results
although researchers have provided some theoretical basis for them (Ven Gent, 1991).
Presently both formulae are well accepted, and almost all studies on the basic law of
the seepage flow in rockfill are concentrated on the determination of the coefficients r
and s, or ¢ and c¢;,.

In some formulae available in the literature (Ergun, 1952; Wilkins, 1956; McCorquodale,
1978; Stephenson, 1979; Li and Hu, 1988; Martins, 1990), the coefficients in the
seepage law depend on the physical parameters of rockfill material only (e.g., the size
of particles, the porosity, and the shape of particles). in other formulae (Slepicka,
1961; Ward, 1964), the coefficients can not be determined by these parameters alone
and experimental determination of hydraulic conductivity is required. Since it is usually
expensive to conduct prototype experiments, it is of practical interest to determine the
necessary coefficients applicable to non-Darcy seepage flow in terms of the readily
determined parameters of rockfill material. Various authors have considered different
physical parameters of the porous media, and have conducted experiments with certain
size, shape, and type of particles. It should be emphasized that each formula may
apply only to a certain range of physical parameters. Therefore, a relationship for non-
Darcy flow which is based on large amount of experimental data over a wide range of
rockfill parameters (e.g., size, porosity) will be useful in engineering practice. Hence,
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this chapter develops a general relationship for seepage flow in rockfill, and compares
it with other presently commonly-used formulations.

In engineering design, it is important to determine the mean hydraulic radius R of
rockfill material and the most appropriate formula to a specific problem. For the first
aspect, some studies have been reported in the literature, e.g., Wilkins {1956), Leps
(1973), Parkins (1991), and Garga (1992).

5.2 General Seepage Law

The relationship between hydraulic gradient and bulk velocity may be obtained from the

friction law, that is, from the relationship between friction coefficient and Reynolds
number.

(1) A new relationship based on the theory of pipe flow

The flow in the pores of rock particles can be regarded as being essentially similar to
flow in a pipe network, but with more complicated configuration (Fig. 5 - 1). This
analogy provides & convenient tool to analyze flow through rockfill material.

The hydraulic mean radius is a measure of the diameter of an average pore within a
porous media. Tayior (1948} defined the hydraulic mean radius, R, as:

R=—+% _ (5-3)

where:
vy = volume of voids within a control volume containing rockfill;
Sa= surface area of voids with total volume vy,.

The value of R can also be calculated from:

R"‘ Vbn

WY (54)
msMg

or
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R=— (5-5)
Avs
where: Vy, = control volume (bulk volume), containing porous media; n = porosity; e=
void ratio; Apg= mass-specific surface area, i.e. the surface area per unit rock mass;
Aysg = volume-specific surface area, i.e. the surface area per unit volume of rock; Mr=

mass of rock.
The mass-specific and volume - specific surface areas are related by:

Ays = pAys (5-6)
where p is the density of rock.

For a porous medium made up of perfect spheres (Taylor, 1948):

F 4 d2 6
Ays= T_5 =3 (5-7)
6
Hence:

The sphere is the geometric shape which has the least surface area per unit volume.
Highly angular rocks with many sharp and jutting edges are relatively inefficient with
respect to surface area per unit volume and will have higher values of Ayg. Note that
equation (5-5) does not apply to porous media made up of plate-like rock particles
because a significant amount of particle area is lost in inter-particle contact. When the
amount of interparticle contact is large, the assumption that the surface area of the
voids is equal fo the surface area of the rocks is not valid. Such special cases are not
considered in this study.

The volume-specific surface area may be expressed by

J
Avye= — 5-9
Vs= g (5-9)

where J is a constant. For spheres, J=6. The value of J represents the degree of
surface area efficiency of the particle. The shape factor, which also indicates relative
surface area efficiency, rg, can be stated as (Hansen, 1992):
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- Jrock_ _ Jrock (5-10)
JSPHERE 6

So that:
(5-11)

and:
R= — (5-12)

where:
R = hydraulic radius;
e = void ratio;
d = diameter of a rock particie;
re = shape factor.

From hydraulics of pipe flow, the head loss is given by:

L Vp?

513
4R 2g ( )

hg=

where
hf = head loss of energy over a distance L along the pipe;
f = friction coefficient in pipe flow:
Vp = average velocity of the pipe flow:
R = hydraulic radius;
L = a distance in the pipe along the flow direction;
g = gravity acceleration.

Rearranging Eq. (5-13):

by 8gR

f=-L

L Vp?
Define the hydraulic gradient i as:

(5-14)

by
L

i =

(5-15)
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In seepage flow, Vp is the void velocity in the porous media which can be defined as:

Vp

]

B |<

(5-16)

where:
n = porosity of the porous media;
V = bulk veleocity in porcus media.

Substituting Egs. (5-12), (5-15), and (5-16) in Eq. (5-14);

SgiRn2 4ciclgn2
= = 51
v2 3rg V2 &1

Reynolds number Rg can be defined as:

- f

Ve R VR
R = L = —_—
o ” - (5-18}
where v = the kinematic viscosity of fluid.

Itis noted that

e = L 519
1-n (>19)

Substituting Egs. (5-12), (5-16), and (5-19} in (5-18):

R = eVd Vd 520
°  6varg 6 v(l-n)rg (520)

Substituting Eq. (5-19) in (5-17):

4idgn®
© Rvii-n) i
In this study, the data from the University of Ottawa and Nanjing Hydraulic Research
Institute has been used to derive the relationship between Re and f defined by Egs. (5-
20) and (5-21). Figure 5 -2 shows the resuits calculated from the test data from 300
mm diameter column tests on rockfill materials obtained at the University of Ottawa
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(Hansen, 1992). In these experiments, the mean particle diameter varied between 1.6
cmto4cm,

(a) Relationship in quadratic form

The data in Fig. 5 - 2 may be expressed as:

98
= — 4+ 3 5_22
d Re 2 A )

In general, the curve has the following form:

f=2 4+ (5-23)
Re

Here, from the data available, a=98, b=3. The fitted curve is shown in Fig. 5- 2.

From Egs. (5-17), (5-18), and (5-23):

_ av V o+ b
8gR?*n 8gRn?

V3 (5-24)

From Egs. (5-20), (5-21), and (5-23):

4.5::1;;552 (31-n)2 v 0750k §1-n) V2
d*gn dgn

(5-25)

Equations (5-24) and (5-25) produce a general relationship in quadratic form which is
applicable to all ranges of seepage flow. These equations have been derived based on
sound theoretical considerations. The use of these general expressions in practice
requires a database in order that the coefficients a and b may be evaluated.

If the values of a=98, b=3 are inserted in Egs. (5-24), and (5-25), the following
relationships may be derived respectively:

2V oy 238 e (5-26)
Rzgn Rgn2

1 —

and
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441 v 12 (1-n)? 231 (1-
V;E (‘ n) v 23 I'E(q n) V2 (5-27)
d“gn’ dgn’

{b) Relationship in power form
The fitted curve in power form is:
f = 8.75 Re®” (5-28)
The general power form is:
= CReY (5-29)
Hence C=8.75, N=0.17.

If only the fully turbulent flow is of interest (Re> 200), N=0, and C=3.15, friction
coefficient f is independent of Reynolds number and:

£=3.15 (5-30)

From (5-17), (5-18), and (5-29):

_— C 224N
~ ggR™ p2¥ Y (5-31)

From Egs. (5-20), (5-21), (5-29), it is derived:

_ 3C(1-n)™ ™
T 4v)idVgn’

T (5-32)

Equations (5-31) and (5-32) produce a genera! relationship in power form which are
applicable to all ranges of seepage flow. Again a database is required to evaluate the
parameters C and N for use of these expressions in practice.

Substituting the values of C=8.75, and N=-0.17 in Egs. (5-31) and (5-32);
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1.1 917 Vl.83

gRI.l?' rl1.83

(5-33)

89 V0.17 (1_n)1.17 r.E‘I.‘I'nr
= d1.17 g n3

vie (5-34)

For fully turbulent flow, Re>200, N=0, C=3.15. The relationship between bulk velocity V
and hydraulic gradient i is obtained from Eq. (5-32):

i= ov* (5-35)
" 8gRn?
Substituting C=3.15 in Eq. (5-35):
2
i= Z:Zz (5-36)

(2) Relationship based on Stephenson's definition

Stephenson(1979) has used considerable compiled data in his definition of friction
coefficient and Reynolds number. This compilation can further be enhanced by adding
the data from Hu and Li (1988), and from the University of Ottawa (Hansen, Garga, and
Townsend, 1992) to produce Fig. 5 - 3, covering a wide range of values of Re. It
should be noted that Stephenson’s compilation includes data by Dudgeon (1966), Leps
(1973), Volker(1969), Cedergren(1977), and Stephenson (1978).

Stephenson expressed the Reynolds number:

vd
Re o iemn = oy (5-37)
and the friction coefficient:
_ idgn?
Frgpemen = 7 (5-38)

Stephenson (1979) original relationship from the data for angular rock particles is given
by:

800 '
= —t 5-
gtcphcnson Re sepbeason 4 | (5-39)
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Hence a regression analysis of more complete data shown in Fig. 5 - 3 provides the
following expression:

£, = 128 s (5-40)
= — 3,
cphenson™ Re stephenson

The curves describing Egs. (5-39) and (5-40) are shown in Figure 5-3. Itis noticed that
the curve for Eq. (5-40) lies close to the experimental data. It may further be noted that,
when Regepnemon iS larger than 2000, the seepage flow is fully turbulent. This is in
contrast to the results shown in Fig. 5 - 2, where fully turbulent flow develops at Re =
200.

A general expression for i can now be obtained from Eqgs. {5-37), (5-38), and (5-40):

1300 v . 384
2 A 2
d“gn dgn

1 =

v (5-41)

Stephenson (1979) omitted the first term in Eq. (5-39) in his derivation of an expression
for the hydraulic gradient I. However, an expression for i which covers the entire range
of seepage flow can be obtained from Egs. (5-37), (5-38), and (5-39):

800 4
= —2 v+ ~y? (5-42)
d”gn dgn~

Note that in Eq. (5-41) and Eq. (5-42), if the velocity term V is small, then the second
term becomes negligible and these equations now represents Darcy flow: if the velocity
term is large, the second term dominates and the equation now represents turbuient
flow. Eq. (5-42) has been identified as the “modified Stephenson” expression in
subsequent discussion.

5.3 Comparison hetween different formulae

A discussion of the differences between different formulations presented in the
literature is now necessary. To facilitate comprehension, the following terminology has
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been used in subsequent discussion. Eq. (541) is defined as “general” implying that it
is based on larger experimental data base than compiled by Stephenson(1978). The
term “quadratic” and “turbulent”, are used for Egs. 26 and 36 respectively which have
been formulated in this study on the concept of pipe flow. The relationships proposed
by different authors are identified by their names (Table 5-1).

A comparison shows that:

(1) the formula proposed by Gent (1991) Eq. (5-47), and Ergun (5-1952) Eq. (5-43) are
typical cases of “quadratic law” Eq. (5-25) when the shape factor re is a constant.

(2) the “general” Eq. (541), and “modified Stephenson” are typical cases of “quadratic
law” Eq. (5-26) when the mean hydraulics radius R is related to the diameter of rockfill
particles d, typically when R is prcportional to d. If R=0.1d; Eq. (5-29) is very similar to
Eq. (5-41). |

(3) Martins (46), and “turbulent” Eq. (5-36) are close in form if R is related to d and C,.

(4) It is also noticed that for fully turbulent flow, if R=d/10 which is recommended by
Parkins (1991), “turbulent” Eq. (5-36) reduces to the Stephenson's formula Eq. (5-48
when K, = 4),

(5) W:Ikihs Eq. (545} is a typical case of “power law” {5-31), in which the kinematic
viscosity v and gravity acceleration g are included in the coefficient 0.0465 with unit

85
secondl™ ' Wi
[[et_n]ﬁ]ls_zs in Wilkins' formula Eq. (5-45)). It is importa... to note that Wilkins formula
meter]"-

the coefficient will change with unit being used.

5.4 Computer simulation of i ~ V relationships

To compare the characteristics of different formulae, it is assumed that the rockfill
material is angular, uniform in size, and the hydrauiic radius R equals d/10. Computer
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simulations were done using a spreadsheet program. The range of porosity of rockfill
material varies from 9.35 to 0.5, and the size of rock particles was varied from 1 cm to
200 cm to simulate field conditions. Numerous curves showing the relationships
between i and V were plotted and analyzed. Only a sample of these simulations is
shown in Figs. 5-4 to 5-10, and the results of comparisons are presented in Tables 5-2
to 5-5. These results show that:

(1) For n=0.35-0.5, when the diameter d is small (about 0.01 m), *quadratic”, “general”,
and “modified Stephenson™ relationships are close. It is noted that these relationships
are alt in quadratic form.

(2) For n=0.35-0.5, when d varies from 0.04 m to 2 m, “quadratic”, “turbulent”, “Wilkins”,
“‘general”, and “modified Stephenson” relationships are very close.

(3) For n=0.45-0.5, when d is between 0.04m and 0.10m, “McCorquodaie”, “quadratic”,
“turbulent”, “Wilkins”, “general”, and “modified Stephenson™ relationships are very close.

(4) For n=0.35 -0.5, when d is larger than 0.04 m, “Gent’, “Martins", and “Ergun”
expressions underestimate i from that obtained from “quadratic”, “turbulent”, *Wilkins",
“‘general”, and “modified Stephenson” expressions. This becomes more evident with
increase of n.

5.5 Computer Simulation of the relationship between Re and f

The parameters f and Re are defined by Egs. (5-17) and (5-18) respectively. The basic
formulations between f and Re are given by Eq. (5-23) and Eq. (5-29). It is of practical
interest to compare the relationships between Re and f as obtained from various
proposed relationships between i and V. The values of a and b, or C and N are
summarized in Table 5-6. Figs. 510 to 5-17 show some results of this computer
simulation. It may be observed that:
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(1) If Re <20, the “Ergun”, “quadratic”, and “general” expressions are almost identical,
while the “modified Stephenson” expression is a little lower than the above three
formulations. The “Gent” and “McCorquodale” expressions are much higher than
others. ltis noticed that all these curves are lin2ar in this region.

(2) All curves except “McCorquodale® expression tend to approach constant f for
turbulent flow (Re>200). For R=0.015m to 0.45m and re = 0.6, the f values are very
close.

(3) For fully turbulent flow, and re lying between 0.8 tp 1.0, the “Martins”, “Ergun”, and
“Gent” expressions give lower values of f than other expressions.

(4) “Wilkins” shows higher value of f if R > 0.045m, and lower values of f if R <0.015 m
especially ‘when Re>400. This suggests that “Wilkins” expression may apply to a
limited range of hydraulic radius, and for turbulent flow only.

(5) When R/d=0.1, “turbulent” and “Stephenson” expressions are essentially identical.

5.6 Parameters of rockfill material

When a relationship for seepage flow is chosen, the most important parameters for the
estimation of seepage through rockfill are porosity and the hydraulic mean radius. The
porosity may be reasonably estimated from field experience relating the placement
procedure, rockfill gradation, and type of rock particles. However the determination of
the hydraulic mean radius is difficult,

Theoretically, the hydraulics mean radius should represent the true shape and size of
the pore structures in rockfill material. and not the rock particle itself. The hydraulic
mean radius should relate to the size and the shape of the particles and the porosity of
the rockfill material. It is a statistical parameter.
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The shape factor, which also indicates relative surface area efficiency, rg, is stated as
Eg. (5-10) by Hansen (1992):

— J ROCK = _ J ROCK (5_1 0)

To use it in the design, some basic experiments should be done in the field to obtain
Ays . i.e., the surface area per unit volume of rockfill. Eq. (5-12) is applicable when the
relative surface area efficiency re can be obtained by experiment;

R=— (5-12)

Isbash(1831), Ergun (1952), Dinoy (1971), Stephenson (1979), and Li and Hu (1988)
used the average diameter to represent the size of rock particles. Wilkins(1956), Leps
(1973), and Parkins (1991) recommended the use of the average diameter to represent
the hydraulics mean radius. Garga, Townsend, and Hansen (1981) considered that the
shape of a rock particle is ellipsoidal and presented a relationship between the
hydraulics mean radius and the porosity and the b axis of ellipse.

Most experimental data _available to date were obtained from the consideration that an
average diameter of rock particles can be used to represent the rockfill material. In
some studies (e.g., Stephenson (1979), Li and Hu (1988), and the present study the
available data on similarly shaped (i.e., angular) rock particles has been analyzed to
obtain the coefficients in the various formulae. However, the representation of the
hydraulics mean radius in terms of the average diameter only (e.g., Wilkins(1958),
Leps (1973), and Parkins (1991)) can apply to the cases where the rock particles have
similar shape to the ones used in the experimental studies.

Parkins(1991) recommended that for Wilkins(1956) exponential formula, the mean
hydraulics radius be approximated as one tenth of the diameter of rock particles:
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R =0.1d (5-69)
A regression of combined data from both Leps(1973) and Hansen(1992) indicates:

R=0.136d (5-70)

Figure 5 -18 shows the data and the regression equation, which is recommended for
small rockfill dams built with crushed rockfill material.

Garga, Townsend, and Hansen (1991) derived a relationship between the mean
hydraulics radius and the b axis of the ellipse, for rockfill whose shape can be
approximated to an ellipsoidal shape:

R=(0.71n% - 0201 n +0.052) e*'**® (cm) (5-71)

where B = length of intermediate axis of an ellipse, in cm. It should be noticed that this
relationship may apply to the same kind of material as used in Garga, Townsend, and
Hansen (1991)'s experiment. The limitation of Eq. (5-71) is that the influence of the
length of longest axis and shortest axis of an ellipse are not accounted for in the
equation, and that a rock particle may be highly iregular in shape.

It is noticed that most formulae are applicable to clean, monosized rock particles while
in practice, rockfills are not monosized. Based upon examination of the grain size
curves for ten rockfill dams, and taking into account the effects of segregation, Leps
(1973) proposed that "the 50% size can reasonably be considered the dominant size
for flow calculations, provided that the minus 1-in. material is less than 30%, and
preferably less than 10%, by weight". Leps further stated that if there is more than 30%
of minus 1-in. material, the fill should probably be treated as an earthfill and its
permeability should be determined by convér?tional soil mechanics tests, In a
compacted rockfill, the vertical permeability of the rockfill will be relatively low due to
segregation of fines, while the horizontal permeability will be only slightly affected and
will be reasonable predictable. Leps (1973) stated that a correction to account for the
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layering may be of academic interest only, since it would be small in comparison to the
probable error in estimating the void velocity for the cleaner part of each layer.

Hence the average size of rockfill can be used to predict the szepage velocity in low-
head flowthrough and overtopping rockfill dams.

5.7 Comparison between power law and quadratic law

Theoretically both the power law and the quadratic law can represent the seepage law
for non-Darcy flow. However in their application in engineering practice, there are some
important differences to be considered.

(1) Power law

When a power law is used to represent the law of seepage flow in rockfill material, the
formula is:

= ¢, V™ (5-2)
From Eq. (5-31), it is easily obtained:

C

=— 2
Co 8gR™nZN N -72)

and
c, =2+N (5-73)

The values of C and N are obtained from the relationship between the Reynolds
number and friction coefficient:

f = CRe" (5-29)
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in which, the value of N depends on the value of the Reynolds number. For very low
Reynolds number, N=-1, Egs. (5-2) and (&-72) show that Darcy law applies. For high
Reynolds number (Re > 200), N=0, and the seepage flow is fully turbulent. For
Reynolds number in the transition zone between Darcy flow and fully turbulent seepage
flow, the value of N increases from -1 to 0. Hence, the values of ¢; and ¢, also depend
on the value of Reynolds number. In engineering design, the following approach is
suggested for use with a power law:

(@) assume the range of Reynolds number.

(b) choose the values of C and N from the available literature or from site specific tests.
Li and Hu (1988) derived the following relationships for the coefficients in Eq. (5-2):

ay®
Co = W (5-74)
and
c,=2+b (5-75)

where a, and b are coefficients depending on the range of Reynolds number which are
given in Table 5-7.

(¢) undertake simulation with the selected C and N.

(d) calculate the Reynolds number to check if it is in the range of the assumed value, If
yes, the calculation is finished; otherwise, go to step (a).

In Wilkins' formula,

0.0465
Co = RSB (5-76)
and
c, =1.85 5-77)
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Fortunately in the prototype, the seepage flow in a rockfill dam is often fully turbulent
(Re >200). In this case, N is zero in the power law. The recommended equation is:

. 0.4v?
i= 3
gRn

(5-78)

If the rockfill particle size d is used in the design, Li, (Garga, and Davies give (1995):

. 3.837V?
1= W— {5-79)

Substituting Eq. (5-69) in Eq. (5-78):

- 4 V*
“dgn?
This is the same equation given by Stephenson (1979).

(5-80)

The conclusion for power law is that:

() if detailed information is available for the determination of the constants C and N
corresponding to each range of Reynolds number, then the power law can be applied
to all ranges of Reynolds number, from Darcy flow to fully turbulent flow:

(i) if seepage flow in the prototype is fully turbulent, the constant N=0, in which case
Eq. (5-78) to Eq. (5-80) may be applied.

(iit) If the range of Reynolds number in the prototype is not known, then the power law
is difficult to apply.

{2) Quadratic law

The general relationship between Reynolds number and friction coefficient is:

f= —+5b (5-23)
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Previous analyses have shown that this function is suitable to describe the relationship
between Reynolds number and friction coefficient from Darcy flow to fully turbulent flow
with unigue constants a and b (an important advantage over the power law). The
formula to describe the relationship between velocity and hydraulic gradient derived
from this relationship is in quadratic form (i.e., so called quadratic law). The following
two equations were obtained(Li, Garga, and, Davies, 1995):

7 -~
12 v v+ 0.38 R

1= — =~ V* 5-26
: R gn Rgn- &-28)
and
384 .
j= B0V 38 » (5-41)
d"gn dgn*

When the Reynolds number is very small, the first term dominates, i.e., Darcy law
applies. When Reynolds number is large (Re > 200), the second term dominates

(3) Conversion between quadratic law and power law

George and Hansen (1992) presented a method for the conversion between quadratic
law and power law with the least square method. The range of the velocities lies from 0
to Vmay (the maximum velocity) in the conversion. However as discussed, in the
transition zone of seepage flow, the coefficients in the power law are to be obtained as
a function of Reynolds number. Hence, if a quadratic law is converted to a power law,
it is necessary that both the vmay and vpyin are within a specific range of Reynoids
number where the coefficients ¢, and ¢, change very slowly with Reynolds number.

5.8 Comparison with the prototype data

Extremely limited prototype data are available in the literature. In the present study, the
two data points from Hell Hole Dam and Pit 7 Dam collected by Leps (1973) and one
data point measured in Xibeikou Rockfill Dam (Hu, and etc., 1988), will be compared to
the results of all the formulae previously presented.
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(i) Hell Hole Dam (Leps, 1973)

The dam located in California was designed as an inclined-core rockfill, 410 ft high and
1570 ft long at the crest, with a volume of 8,800,000 yd3, Most of the rockfill was
placed by dumping and sluicing in two high lifts. The first lift, about 220 ft high, was
being constructed in 1964 and the closure of the rockfill dump had been made across
the canyon. During the period December 21-24, 1964, an intensive rainstorm oceurred
and resulted in seepage flow through the unfinished rockfill dam. At 5:30 AM on
December 23, the flowthrough discharge was about 19,000 cfs, and loss of rock from
the downstream toe of the dam was observed and small slides were heard. The slides
were progressively cutting back to the crest of the rockfill. By 9:10AM, all of the crest
had slided downstream and loss of rock particles was rapidly progressing. At 9:30 AM
on December 23, the dam was breached where overflow had begun in the opening
created by the progressive slides. Leps (1973) assumed that the vertical cross section
through which flow was occurring at failure was triangular and was about 420 # long by
160 ft in maximum depth, and that the void ratio of the fill was about 0.75 {porosity
n=0.43), the average void velocity for the estimated 19,000 cfs throughflow at a
position well back in the cross section of the embankment was 1.32 #/sec (Leps, 1973).
Leps estimated the hydraulic gradient i as 0.15, and concluded that the dominant rock
size was close to 12 inches.

(if) Xibeikou Concrete Faced Rockfill Dam (Hu, et al, 1988)

Xibeikou Concrete Faced Rockfill Dam is located in Yichang County in Hubei Province,
China. The design height of the dam is 95 m. During the construction, the dam could
not reach the required 300 m elevation to prevent overtopping. Hence a layer of large
rockfill was built at the downstream slope with a flat slope 8.2:1 which protected the
dam from flowthrough and overtopping flow in the flood period in 1987 when a
discharge of 1460 m3/s occurred. The approximate height of the dam at this stage of
construction was about 17 m. A team was organized by Gezhou Dam Engineering
Board and Nanjing Hydraulic Research Institute to conduct the prototype observation.
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The hydraulic gradient close to the downstream slope was found to be 1/8.2=0.12.
Two sets of seepage discharge were observed, 49 m3/s and 13 m3/s with the
comresponding downstream seepage exit elevations 253.0 m and 251.3 m respectively
(i.e., exit height 2.3 m and 0.6 m respectively). The bulk velocities were calculated as
0.22 m/s and 0.24 m/s for the two cases (Hu, et al, 1988). At the exit section, the
dominant size of rockfill material is determined by the amour layer. Assuming a
porosity of 0.45, ds; of the rockfill is 0.65 m. The bulk velocity comesponding to the
hydraulic gradient 0.12 is taken as 0.229 mi/s.

(iii) Pit 7 Afterbay Dam (Leps, 1973)

Pit 7 Afterbay Dam was designed in California in 1965 to be subjected continuously to
throughflow and frequently to overtopping fiow, with normal flows ranging from 2000 to
6650 cfs. The rockfill dam is 36 ft high, and 555 ft long with 20 ft in crest width, with
downstream slope of 2.25:1, and upstream slope of 2:1.

The hydraulic gradient was observed to be nearly as steep as the downstream face of
the 10ckfill dam. The dominant rock size is 2 in. Leps assumed that the cross section
through which flow takes place is about 500 ft long by 15 ft deep, and the porosity of
the rockfill material is 0.5. The computed fiow through the rockfill is about 2200 ¢fs from
Wilkins' relationship, and compares well with observations.

Table 5-8 shows the results of the simulations with different formulae and the relative

errors. In the simulation, Eq. (5-5) is used to calculated the mean hydraulics radius. The
relative error is defined as:

Velocity, i, u. - Velocity oo

Velocity 0o

Relative Error = (5-82)

The formulae used to calculate velocities from hydraulic gradients are listed as follows:

(1) “general’

. ¥ .. 1691
V=J(169—;‘,n-) +0.2606dgni - —d”l (5-83)
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(2)modified Stephenson

: 1
Ve \/(100dvn) +0.250gn - 00dvn S84

(3)Ergun

- 2 3 -
Ve \/(42.86 (1-n) vJ 05714300 _ 4286 (1-n) v

d (1-n) ~ d
(5-85)
(4) Gent
_ [[499.4 (1-n) sz dgn®i  499.4 (1-n) v
v-\/( . +0.3271(1_n) - 5
(5-86)
(5) McCorguodale
4321 v¥ . 4321y
V=J( PR ] +1.235gn"?Rj - W (5-87)
(6) Wilkins
V = 5243 nR%* %™ (5-88)
(7) Martins (C,= 1)
V =0.56n.2gedi (5-89)
(8) Stephenson:
V = 0.5n (dgi)®® (5-90)

(9) “quadratic” law
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_ (1613 vnY .. 16.13vn
V—\/[ = ) +2.631Rgn®i - R (5-91)

(10) “turbulent” law

V=25gRn% = 1.58n,/gRi (5-92)

From Table 5-8 it is observed that “turbulent”, “quadratic’, and Wilkins expressions give
good predictions with maximum relative error 3%, 4%, and 5% respectively; “general”,
and “modified Stephenson” expressions provide values with maximum relative errors
15% and 17% respectively. However the Ergun, Gent, McCorquodale, and Martins
expressions give results with maximum relative errors 32%, 55%, 28%, and 38%
respectively.

5.9 Determination of the most appropriate formula in design

The selection of the most appropriate formula will depend on the objective of the
analysis and the type of information available on the rockfill material.

(1) The estimation of seepage discharge with known average i:

When the average hydraulic gradient through a rockfill dam is known or estimated by
some empirical relationships, e.g. Hansen (1992), the discharge through the dam can
be estimated by the calculation of average velocity.

(i) If mean hydraulics radius and porosity for the rockfill are known, and

a), if the seepage flow can confidently be described as fully turbulent , then
“turbulent” expression ¢an be the used to calculate the seepage velocity;

b), if the flow pattemn through the rockfill material is uncertain (e.g., complicated

distribution of rockfill, or existence of small size rockfill), then "quadratic”, or
"general" expressions may be used;
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(it) If the porosity and the dominant rock size for the rockfill are known, but the mean
hydraulics radius for the rockfill is unknown;

a). for crushed rockfill material (angular), the mean hydraulic radius may be
estimated by Eq. (5-5), the recommendations in (i) can be used here;

b). for semi-rounded shape, e.g., gravel, no confident relationship is available
between the dominant rock size and the mean hydraulics radius. Expression
"modified Stephenson” formula can be used for the prediction of the seepage
bulk velocity.

If the tail water level is below the point of emergence on the seepage face, it had no
effect on the height of the point of emergence, which was determined using the
following formula (Parkins, 1963):

‘](II )

C
S ] (5-93)

:
|sno

h, = &
n

where 6 is the angle of downstream slope. Hansen (1992) argued that sin 6 should be

replaced by tan ¢ when the downstream slope is steep:

_ ng_OTm )
b = Wl=mel (-84)

For fully turbulent flow, Eq. (5-78) which was obtained by Li, Garga, and Davies (1995)
is the best formula for application. From Eq.(5-78), c,= 2, and

0.4
gRn’

(5-95)

Hence for fully turbulent flow:
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gl 0a T
B = ni_anztan9_| (5-99)

2) The estimation of seepage discharge with unknown average hydraulic gradient

IIVE:

In a design, if the average hydraulic gradient is not known, the procedure to calculate
the discharge flow through a rockfill dam is described as followings.

Step 1: Estimate the average hydraulic gradient by revised Hansen'’s formula (Hansen,
1992):

[EXE™)

: hY)* H )
Lo = 08 [H) (Bu T B,+ 058, (5-97)

H = the height of the dam;
h = the upstream water depth;

where

B, = the horizontal length of the upstream slope;
B. = the horizontal length of the crest;
By = the horizontal length of the downstream slope.

For the description, please refer to Figure 2-1(a).

Step 2: Estimate the unit-width discharge by the following formula which is the
multiplication of the upstream water depth h and the average velocity that is estimated
by the new “turbuient” law Eq. (5-92):

q = 1.58nh \gRi,, (5-98)
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(3) Computer simulation of the seepage field (by FEM):

Finite element analysis can be used to obtain detailed pore pressure distribution inside
a rockfill dam in order to conduct slope stability analysis or unravelling slope failure
analysis.

It is important to observe that in a rockfill dam, the hydraulic gradient may change from
position to position, from very small values to very high values; the flow pattern of
seepage flow may also vary from Darcy flow to fully turbulent flow within the simulation
domain. The followings are some considerations:

() both the Darcy law and "turbulent” law may not be appropriate if either is applied to
all the seepage regions;

(ii) the power law is difficult to apply, as the Reynolds number is unknown at each
position inside the seepage field. Further, the exponential coefficient is a function of
Reynolds number, and hence a trial and error procedure should be conducted for each
element Also there appears to be no acceptable relationship between the Reynolds
number and the exponential coefficient in the power law.

(iii) the quadratic law is easy to apply, since it is valid for all ranges of Reynolds number
with unique constants in the relationship which do not change with Reynolds number.

?

Hence, the quadratic law is recommended for FEM computer simulations.
If the porosity and the dominant rock size for the rockfill are known, but the mean

hydraulics radius for the rockfill is unknown, then for crushed rockfill material (angular),
the mean hydraulics radius may be estimated by Eq. (5-5).
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{4) Evaluation of the free surface curve in a rockfill dam by 1-D analysis

With finite element method an accurate free suriace can be obtained. But for most
practical cases, a reasonable estimation of the free surface curve from 1-dimension
analysis may suffice. While it is difficult to use a quadratic law in a general formula to
describe the free surface curve, it is easy to use the power law. The followings are
some analyses which may be useful for a designer.

Considering that the seepage flow is a steady, horizontal flow (Figure 5-19), the
specific energy is defined as (Stephenson, 1979):

2 2
q
E=y+— =yt—== 5-99
y 2g y 2en 72 (5-99)
E_Y (1- q ) (5-100)
&  dx = gn’y’
Eq. (5-100) may be written as:
e _. q .\
-— =1= G(—)" 5-101
. %(ny) (5-101)
Substituting Eq. (5-100) in (5-101) it is obtained:
J: " - gni’yk, My = J‘ ()" dx (5-102)
Case (a) Cq#2:
Yooyt ( 1 1J_ e x-
1+c, + g (2-c )y oy "co(n) (x-%) (5-103)
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Case (b) c4=2 (fully turbulent flow)

2

Xﬁé—ya—«v;?ln% =¢, (%ﬂx-x,) (5-104)
where
0= g?;é:z (5-95)
From Figure 5-19 , it is noticed that:
_ ¢
N1¥Yo- ﬁzy'_og_ (5-105)

If yo. 4. 0, cg, and cq are known, the free surface curve of the non-Darcy seepage flow
can be obtained by assuming y to calculate x. For example, for y.=20 m, n=0.39, q =
324m3 Isfs, R=0.02 m, c1=2, c,=13.41, and at x4=30 m, the free surface curve may be
represented by the following equation:

20
x=30+174.8 In— +8.282(20°-y.,%) (5-108)

2

As another example, all the parameters are the same as above except that ¢; =1.85
and ¢, =9.90 (from Wilkins' formula, i.e., Eq. (5-88)):

x = 33.66-0.00201 y>% -0.843 y°*° : (5-107)
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5.10 Conclusions

1. Based on pipe flow theory, new definitions of Reynolds number Re and friction
coefficient f have been proposed (Egs. (5-17), (5-18), (5-20), and (5-21)). With the new
definition, seepage flow is fully turbulent when Re > 200. The relationships between i
and v for both quadratic seepage law and power seepage law have been presented in
Egs. (5-26), (5-27), (5-33), (5-34), and (5-36).

2. Based on Stephenson's definitions for Reynolds number and friction coefficient, a
new relationship between Reynolds number and friction coefficient Eq. (5-40) has been
presented. According to this definition, when Reyemensse IS larger than 2000, the
seepage flow in rockfill is fully turbulent. A new relationship between i and V has been
presented in Eq. (5-41).

3. Computer simulations with wide range of porosity (n=0.35~0.5) and rockfill size (d=
0.01m ~2.0 m) indicate that in most conditions, the i~V curves given by "general”,
Wilkins, "quadratic”, "turbulent”, and "modified Stephenson" expressions are very close.

4. A comparison of different expressions of i and V reported in the literature applicable
for rockfill indicates that these are applicable only in a limited range of seepage flow.
The experimentally derived expressions reported in the literature are special cases of
the general expressions derived in this Chapter (Egs. (5-24), (5-25), (5-31), or (5-32)).

5. Eq. (5-70) may be used to predict the mean hydraulics radius of rockfill.
6. From literature review and from the simulation of some available prototype data, it is
concluded that the 50% size can reasonably be considered as the dominant size for

flow calculations in flowthrough rockfill desiagn.

7. The differences between the power law and the quadratic iaw are analyzed. For
power law, the constants C and N are functions of Reynolds number. N=-1 for Darcy
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flow and N=0 for fully turbuient flow. For quadratic law, the constants a and b are
unique for all ranges of Reynolds number (from Darcy flow to fully turbulent flow).
Quadratic law is better than power law for the numerical modelling by finite element
method.

8. Simulations for the prototype data shows that the “turbulent”, Wilkins, and
"quadratic” expressions give the closest results to the prototype data. If the seepage

flow in prototype is fully turbulent, “turbulent” expression Eq. (5-36), is tha best choice
for design.

9. Methods to estimate the discharge through a rockfill dam have been proposed.
When the average hydraulic gradient through the dam is unknown, Eq. (5-98) may be

used to estimate the unit-width discharge through the dam.

10. Egs. (5-103) and (5-104) may be used to estimate the free surface curve of
seepage flow in a flowthrough rockfill dam.
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Table 5-2 Simulation for n=0.35

d (m) Figure | Curves close to “quadratic” Other important characteristics
0.01 4 “‘general”,"modified “McCorquodale” and “Gent” are
Stephenson” higher than others
0.04-0.1 56 “general”,"Wilkins", “Gent”, “Martins”,"Ergun”, and
"turbulent”, “McCorquodale” are lower
and “modified Stephenson”
0.4-2.0 7-9 the same as above the same as above
Table 5-3 Simulation for n=0.40
d (m) Curves close to “quadratic” Other important characteristics
0.01 “general”, "modified “McCorquodale” is much higher than
Stephenson”, others
and “Gent",
0.04 “general®,"Wilkins”, “Gent”, "Martins”,"Ergun”, and
"turbulent”, “McCorquodale” are close and lower than
and “modified Stephenson” others
0.1 the same as above the same as above
0.4-2.0 the same as above the same as above
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Table 54 Simulation for n=0.45

d (m) Curves close to “quadratic” Other important characteristics
0.01 ‘general”, "modified *McCorquodale” is much higher than
Stephenson” others
0.04 “general”,"Wilkins”, “Gent”, “Martins”®, and "Ergun” are close
"turbulent”, and lower than others; “McCorquodale” is
and “modified Stephenson” close to “quadratic® when | is not high
0.1 the same as above “‘Gent’, “Martins®, and “Ergun” are close
and lower than others
0.4-2.0 the same as above ‘Gent”, “Martins”, "Ergun”, “McCorquodale”
are close and lower than others;
Table 5-5 Simualtion for n=0.5
d (m) Curves close to “quadratic” Other important characteristics
0.01 “general”, "modified “McCorquodale” is much higher than
Stephenson” others
0.04 “general”,"Wilkins", "Gent”, “Martins”®, and “Ergun” are
"turbulent”, close and much lower than others
“modified Stephenson®, and
“McCorquodale”
0.1 “general”,"Wilkins”, “Gent’, “Martins”, and "Ergun" are
"turbulent”, and close and much lower than others;
“modified Stephenson” “McCorquodale” is a little lower than
“quadratic”
0.4-2.0 the same as above “‘Gent”, “Martins”, and "Ergun” are
close and much lower than others;
“McCorquodale” is a lower than
“quadratic” and higher than “Gent”,
*Martins”, and "Ergun”
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Table 56 The coefficients in the relationship between Re and f

Author aorC Equation borN Equation
number number
Ergun(1952) = 333 (49) b = 233 (50)
rg &
McCorquodale a=560 (51) b=065n"* (52)
(1978)
Wilkins (1956) 037g RO (53) N=-0.15 (54)
C= pols
Martins(1991) C = 2.13 (55) N=0 (56)
LS
Gent (1991) a= 26 (57 b = 161 (58)
r2 &
Stephenson C=3.2 (59) N=0 (60)
(1979)
eneral
9 b=30.7— (62)
a=10380(R/d)* (61)
modified (63) b= 325 (64)
Stephenson a=6400(R/d)* d
turbulent C=3.15 (65) N= (66)
quadratic a=58.8 (67) b=3.04 (68)
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Figure 5-1 lilustration of Flow Path in Rockfill

180



100000 T S PeSn Mo B G55 w3 k8 g 00 ) N0 SPEN] Siek e [ S B ) BN OnE et P g, [pag N5 Jend sy g |
|

|
Il
i

10000 :r‘-*t;.:..'il._ﬁ'{’::—':lr:: :?:L:-L- B B Pt L .—%.:i:._—!* = ‘!'. '_I'_'_‘_"—-'L.;l‘f‘.‘:_.._'_‘;j.‘_,‘-'.:: ;:;;:...'
= © Hansen (1992) =—/———=

N Quadratic 1aW j—lmmr el el
|

= —.e---- Power law — ———
RN ] i !
e S oy o) 7 5 ¥ ) P e Sy OGO Rl et o 1 o 3 5
|

——

i

! | 1 Vo T 1
10 st ey i by ot e B o e A 8 A B X i

e WRREE
1 10 1000

Re

Figure 5-2 New Relationship between Re and f in terms of Hydraulic Mean Radus

100000 =\ =
o~ ; . & Compiled by Stephenson, 1978 5
10000 —- ‘-_\K ; ! g Liand Hu, 1988 [E}
= = — O Hansen, 1992 5
: o New Relationship =
7000 ; -__.H,i__'lc\_g__.‘ ------ Stephenson's Relationship g
100 !:'—._-.*_—‘,,:A:L__m.*E-\-a R g o !

0.01 0.1 1 10 100 1000 10000 100000
Re

Figure 5-3 Relationship between f and Re in Terms of dso

181



gradient i
o

o o
(0)] ~J
1 1

o
(3]
}

0.1 4

o
'S
i

o
Mo ow
]

i
T

0.02 0.04

0.06 0.08 0.1
v (m/s)

Figure 5-4 Relationship between i and v for rockfill with ds;=0.04m, n=0.45

gradient i

0.7 +

06 +

0.5 -

©
IS
il

o
w
'

0.2 -

0.1 -

—general
——Ergun
~-~=— McCorquodale

------ from Stephenson
—eo—turbulent
—O— quadratic

e

v (m/s)

02

Figure 5-5 Relationship between i and v for rockfill with dse=0.1m, n=0.45

182




gradient i

v (m/s)

Figure 5-6 Relationship between i and v for rockfill with dse=0.4m, n=0.45

0.8 +
0.7 + —general
—Ergun
06 + Gent
- 0547 Mcc.orquodale
-— | Wikins
S 04 L[ Martins
s || from Stephenson
o 0.3 + | —e—turbulent
—C—quadratic
02 +
01+

0

_________

0 0.1 02

03 0.4 05
v (m/s)

Figure 5-7 Relationship between i and v for rockfill with dsp=1m, n=0.45

183




gradient

0 0.2 0.4 06 0.8
v (m/s)

Figure 5-8 Relationship between i and v for rockfill with dss=2m, n=0.45

gradient i

35+
3+ ———general
—Ergun
25 + e Gent
ul - McCorquodale
O Rt Wilkins
1-5 1 . e Marﬁns
I E from Stephenson
1+ B prototype data from Hu
05 : —o—turbulent
T T = G —o— quadratic
0 ik ;
0 05 1
v (m/s)

Figure 5-9 Relationship between i and v for rockfill with ds;=0.65m, n=0.45

184




g8l

(e) 3 pue ey usemjeq diysuolje(ey pelBINWIS 04~ G @INBI-

oy
000} ool ol L 1’0
oL'o
opespenb ------
weinguny —+-- | — 00'}
uosueyde)s pelpow —x— mgﬁmwmﬁuﬁww . |
|ejouef —o— 1208% I
uosueyde)s
Jueg) —— |
SWEN e 00'001
SUDIIM —o—
8|eponbio Qo ——— 20001
unBig - -----

00°0000}

9°0=34 ‘WiL0’0=Y ‘gp"0=U (e)




081

(q) J pue 8y usemieqg diysuolieley pelginuig |- G embi4

2-
0001 ool ot . ‘o
0l0
anespend ----- -
wenaguny -+ e : .
Uosuaydals papoL —— 3 +.+.wt+m.- L= gt .....-Jgﬁﬁwﬂw |
elaush —o— THED |
| , 0001
uosusydelg
Juao |
o —or— 00001
sSupiiMmy —o—
jeponbioJOW - - .
unfag - - ----
00'0000!}

9'0=3 ‘Wwg0'0=Y ‘st'o=u (q)




81

(0) Jpue 8y usamjeq diysuolie|ey] pejeinwig zi- G 8Jnbiy

oy
0001 00! ol ' o
0L0
oljespenb ----- - ]
poupou—x— 00’}
Uosueydelg pepow —x—
jesaush —o— -
uosusyde)g
Juso
s o 00001
SUMIIM —o—
eleponbio QoW - ooy
unBig ——--
0000001

9'0=34 ‘Wi 0=y ‘gp'0=u (2)




881

(p) 1 pue 8y usamieq dilsuonejey pejeNwIg ¢i- G eInb|4

%y
000} 00l ol I 1’0
oL'o
onespenb - - - -
usinginy -+ - .y o't
uosusyde)g PRPOW —X— | ypipp b diite T 2 e R
|eseusB —o— Sl ed .
uosusyde)g N ﬂmﬂmﬂnl_/c 000k
juso
SUILBIN -0 00°001
SUD{IA ——
ejeponbioQoy -+ : 00°0001
unBug - - S
00°00001L

9°'0=3 ‘Wz'0=Y ‘gp'o=u (p)




68l

(e) J pue ey useamieq diysuojiejey pejenwisg |- G einbiy

2]
0001 001 0l ) o
ol'o
olespenb ------- -
1V=T13Te T ST R I S -
uosusyde}g pelpouw —x— |
|eJeusf —o— .
uosusyds)g u
ues)
o 00°00t
SUMIIM —0—
T 00°000}
unBig ------
00°0000L

8°0=34 ‘Wg0'0=Y ‘gp'0=u (o)




08l

(1} J pue 8y usemieq diysuolejey pejejnis G- G e.nbiy

8y
000} 00t 0t I L0
0] 0]
onespenb - - ----
jueinguny - 4| e — 00'L
uosusyde)g paijipo —x— 0.0 5 S ASI—
|eleusl —o--- | 0001
uosusyde)g
e
SUIJBIA - ¢ - 0000l
SUMIIM —o—
ajeponbionop - ---- - 00'0001L
un@ig ------
00'0000}

0’ L=34 ‘Wgo'0=Y ‘g’ 0=u ()




(B) 3 pue ey usamjeq diysuopejey pejejnIg g|- G 8nBl4y

16l

onespenb - ]

juejnginy --+—-
uosusyde)g peypows —x—
|eleusll —o—

uosusyde)g

e

SUIHBIA] -- 0 —

SUPIIM —O—
aleponbloNo ———
unBig --—--

0001

oy
00!t 0l

0

oto

a2l

00’1

| 0001

00001

00°0001

9'0=3 ‘Wg0'0=Y ‘g'0=U Amv

00°00001




6l

(u) J pue ey usemieq diysuoiejey pejeINWIS /- G BINBI4

o
000t 001 ol ' o
oL’o
onespenb - -
jusineuny -+ - - - .
uosueydels pelipoul —x— 3 +++.+.H..r..+mm.- PRSP PSP S
|eiouslB —o— , =fmm b |
000l
uosusyde)g _
Juep
U o 00001
SUBJIIM —0—
aleponbioDoW - ooy
unBig -

00°00001

M ‘Wgo'0=Y 'g"0=u (uy)

9°0




0.18
0.16
0.14

o Leps(1973)
e Hansen{1992)
—— Calculated

0.12
T 01
= 0.08
0.06
0.04
0.02
0 t + |
0 0.2 0.4 0.5 0.8 1 1.2
d{m)
(@) d=0-12m
0.02 +
o hepsmasg)gz)
® ansen
0.015 + — Calculated
E o014
o
0.005 +
0 4 : } : } t 4 i
0 002 004 006 008 01 012 014 0.6

d (m)

(t)d=0-0.16m

Figure 5-18 Relationship between Diameter and Hydraulic Mean Radius

193




Figure 5-19 Definition of 1-D seepage flow in a dam
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Chapter 6 Finite Element Method for Non-Darcy Flow in
Rockfill

6.1 Introduction

For non-Darcy flow in rockfill, the compressibility of rock particles and water are
negligible.

Due to the difficulty in solving the 2-D non-Darcy seepage flow by hand sketching
method, computer modelling is required to obtain an estimate of seepage force and
pore pressure within rockfill dams. In order to solve the equation for the spatial varied
flow at the downstream slope of a rockfill dam, the seepage velocity distribution near
the downstream slope of a rockfill dam is needed. In order to study the unraveled
failure condition and slope stability, the seepage forces and pore pressure distributions,
the overtopping flow depth and velocity distributions, as well as the size of rock
particles and the slope of the downstream siope are important input parameters. The
complexity of the problem makes the design impossible without computer modelling.

it has been shown that the finite element method has the advantage in handling the
problems with complicated boundary conditions. In this study, this methed has been
used to solve the non-linear equation for non-Darcy flow. As indicated by available
publications on non-linear seepage flow simulations, the non-Darcy phreatic surface is
much close to that for Darcy flow. This observation is very helpful in developing a finite
element model with new linearization method.

Quadratic isoparametric quadrilateral element may be used in the model, as it has high
accuracy and make it feasible to model the free water surface and complicated
boundary conditions. For seepage flow with free surface, the free surface is unknown.
An iteration technique is therefore required to obtain the solution. The numerical model
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will provide discharge, and the hydraulic potential head at each node, and the hydraulic
gradient and the velocity distribution at some nodes in the solution domain.

The assumption of the present study is that the rockfill material within a rockfill cam is a

continuum media whose property is determined by the non-Darcy coefficients and the
porosity. No deformation is considered in the model.

6.2 Governing Equations and Boundary Conditions

For non-Carcy flow in rockfill, the compressibility of rock particles and water are
negligible. The continuity equation is

)

du L 9Y (6-1)
ax y

)

where u and v are the velocities in x and y directions respectively.

Using the continuity condition, Volker (1969) derived the 2-D govemning equations for
non-Darcy Flow. For quadratic law:

2 2, oz )
=tV T ! H, }
B CH) o2
074 a a.. Hj (H -
+a"_y{[_£+ (E) + b ] |I'Ll y =0

where a and b are the coefficients in the quadratic relationship between i and v defined
in Chapter 5, H, and H, are the hydraulic gradients in x and y directions respectively, Hy
is the total hydraulic gradient whick. is the vector sum of H, and H,.

For power law:
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% .Hl /¢, (-Hx)
S

(-H,)
H

& |H,
+a"y[( ¢,

)llq

] 1=0 6-3)

3

where ¢, and ¢, are the coefficients in the quadratic relationship between i and v
defined in Chapter 5.

The above equations may be summarized as:

6 ( éH) & oH) _
ax[kxﬁx)+ éykk’é’y) =0 (€-4)

where k, and k, are the seepage coefficients in x and y directions respectively. They
are defined as:

1 for quadratic law;

(6-5)

q

1{dH)«

K=k ok = (a_J
— for power law.
;{ ‘/(a_H)[é_H] “
: 3
. éx y

(6-6)

Equations (6-4), (6-5), (6-6) are used in the computer modelling with finite element
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method.
Two basic kinds of boundary appear in the problem.

(1) First or Dirichlet type boundary Iy;
H(x. y)ll‘l = H,(x.y) (6-7)

For the first type boundary, the value of the potential head H{x,y) is known along the
boundary I'y.

(2) Second or Neumann boundary I's:

H(x,y) is unknown.

-

JH GH
ky S cos(@m,x) + ky——cos(m,y) = q (6-8)
Fx gy

where q = unit discharge at the boundary I;
n = the direction normal to the boundary I'; acting outward from the solution
domain (see Figure 6-1).

Hence, along the second boundary I, the discharge is known.

Figure 6-1 shows the problem domain and the boundary conditions. It is noticed that:

- Domain: OABCDOQ;
- I'y boundary conditions:

OA: H=H, (6-9)
BC: H= yX) (6-10)
CD: H=H, (6-11)

- I’z boundary conditions:
OD: Eg. (6-8) applies.
- Free surface boundary:
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Both (6-8) and {6-10) must be satisfied.

6.3 Quadratic Quadrilateral Element

One of the benefits of isoparametric elements is the accurate presentation of curved
boundaries by using a quadratic polynomial for the interpolation function. There are
eight nodes in the elements, i.e., four nodes at the four comers, and four nodes at the
four mid-sides of the elements (Figure 6-2).

6.3.1 Shape Function

The interpolation function in global coordinates is given by:

Hxy =a, +ta.x+a.y+ ax+a
gy =@+ e ® ay ¥ axran (6-12)
+ay +a, Xy + axy’

where x and y denote the global coordinates of an element {see Figure 6-2).
The interpolation function in local coordinates is:

Hrs) = a, + ar+ as+ a,r+aors
B 6-13)
2 2 2 (
+a 8t +a,r’s + ars

where r and s are local coordinates of the element (see Figure 6-3).

Hence in local coordinates:

Hrs)® = G H, + GH;, +G H, +G H,

(6-14)
+G_H, +G,H +G H, +G H,
With shape functions:
G = % (1-1)(1-s)-1-r-5) (6-15)
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G = % 1+ )(1-s)(-1+r-5) (6-16}

G, = 7 (L+)A+9)1+r+s) ©17)
G, = 5 (-D(+s)1-r+) 6-18)
G, = 5 (-F)1-9) (6-19)
G, = 5 (-5)1+9) (6-20)
G, = %(l-rz)(Hs) 6-21)
G, = %(1-52)(1-1-) (6-22)

6.3.2 Transformation from global coordinate to local coordinate

x = {G},, (X} = iGi(r,s) X, (6-23)
y = {G}lxs {Y}m = ;Gi(r,s)Yi (6-24)
where

X; and Y; denotes the global coordinates of the i th node (see Figure 6-2).

{G}s = {G.. G, G,. G, G,. G,, G., G,) (6-25)
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{X}m = {Xis X, X X, X, X X, xp}‘ (6-26)
T
{Y}m = {Yv \'j’ Yl:’ \rh Ym’ Yna Yo, Yp} (6'27)

Define Jacobian matrix:

ox 2¥i o,
|1 dr fr{ _{'n ‘n
Ul =15x ay| - L :] (628
s &s
The inverse of Jacobian matrix is:
iy 9y 3
a __ 1 teaes orf__1 |7z “u
0Tz detJ _ﬂ ax det] [, 3, €29
ds @r
where
x 2Oy I
= |[édr dr_ 'n "
detJ éx &y T, I, (6-30)
s &s
Hence:
2 r2
=% (631)
s 2y
and
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2 KA
oxXr =18 632)
as

oy)

6.3.3 Gauss Quadrature Integration

Several schemes for numerical integration are available, but the Gauss quadrature
approach is the most widely found (Allaire, 1985, pp. 471). Here we will use the Gauss
quadrature integration approach.

The numerical integration of function g(x) may be expressed as:

[ gwyax = Zw, a®) 633)

i=l

where N is the number of nodes, w; is weighting factor, and R; the location of sampling
point. 3x3-point Gauss quadrature integration method is used in the present finite
element mode! for high accuracy (AX®, where Ax is the size of an element). Table 6-1
lists the values of w; and R, for the integration of 1-dimension function g(x).

For a two dimensional function g(x,y), the Gaussian numerical integration for Ng x Ng
integration nodes is:

”g(x,y)dxdy = 2 Zwi w; g(x;, ¥;) (6-34)

R | =1 =l

Figure 6-4 shows the Gauss quadrature integration points in the 2-dimension global
coordination.

By the shape functions given above, the potential head interpolation function in
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element e is given by Eq. (6-14) which may be written as:

H, = i G(r,9) H, (6-35)
it

where H; , j=1, 2, ..., 8, are the potential head values at each node (see Fig. 6-2). In
element g, He; can replace the unknown potential head function H(x,y).

6.4 Variational Method

Three methods, i.e., direct, vanational, and residual, are available to formulate the finite
element equations.

The direct method was originally used to develop the finite element method for aircraft
structures in the early 1950s. Today direct methods are still employed in structural
analysis. Physically all parameters employed in this method may be interpreted on
physical grounds. But the method is difficult to apply to 2-D or 3-D problems. It does not
apply to our problem.

The variational method involves a quantity called a function (variational function here).
The finite element equations come by minimizing the derivatives of the variationat
function. The advantage of the vanational method, which is the most poﬁular of the
three methods for solid mechanics problems, include the familiarity of energy
techniques in solid mechanics and easy extension to 2-D and 3-D problems. The
disadvantage of variational method is that for a lot of problems, the variational function
is not found by mathematician. For the govemning equations and boundary conditions
of our problem, the variational function is available(Allarie, 1985, pp. 318). Here it is not
necessary to list it. Variational method will be used in this study.

The residual method is the most general of the three techniques and, also, the most

difficult to understand physically. In this method, it is assumed that the exact solution is
unknown. Instead, some approximation of the exact solution is employed. Substitution
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of the approximate solution into the differential equation results in an erroneous value r,
rather than zero. The error r is then multiplied by a weighting function , and the product
is integrated over the solution region. The result of the integration is called residual R
and is set to zero. Actually, there is a weighting function and a residual R for each
unknown nodal value, so that the result is a global set of algebraic equations which are
the equations of the finite element method. Residual method is the popular method for
problems where the variational function is not found. As for our problem, the variational
function is known. Hence variational method is used.

With Eq. (6-35) the variational function in the whole solution domain may be expressed
by:

EGH) = SEE) = DE°®H,) = EG) (6-36)

=1 i=l

where H is a function of H;, M is total number of elements, j=1, 2, ..., n. n is the total
number of nodes with unknown potential head.

By minimizing E(ﬁ), the following expression should be satisfied:

d E(H)
é |

Substituting Eq. (6-36) into Eq. (6-37), it may be obtained:

=0,1=1,2,3, .,n 6-37)

JEH) & 5 R _
é H, aHi;i,Equ‘) ,-.laHiE(H"') 0

(6-38)
Since the value of Eq. (6-38) is associated with the total number of elements around
the node |, say M, and the property of shape function:

1, i=j;

6-3
0, i=]. (6-39)

Gi(rj’ sj) = {
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we have:

S EH) _ Z 3

S(H.) = 6-40
oH, _ SzmC W) =0 (6-40)

Hence, for each node with unknown potential head, a numerical equation may be
constructed. n equations can be built, which may be solved numerically to calculate the
H; temm for all the n nodes.

6.5 Formation of Element Matrix

In each element e, by variation method:

aE= H( GH & (é'H]+k JH 2 (aHD

dx H\Gx Y gydHB\dy
[ aH
T

2 Y dr

(6-41)

Assuming that k, and k, are constants within each element, one may obtain:

SE®| . .
5 = bl e+ ) 42

where:
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hy,* hy® hy® B b b by by
hy® hy' hy' hy' by h‘.‘dc hy" hy
hy® hy® by hy® hy® hy® by by

[he] - h-l]c h-xze h-lJc hdnlc hdSc h-lée h-l?c héBE

e [ L 4 [ € < [ [ 4 (6-43)
hSl hSZ h53 h54 hSS h56 hS? hsa
hGlc hﬁ;‘e h63e hﬁ-tc h55= hﬁéc 1‘16'7c hGBC
hﬂc h?'.!c hnc h'a'-te h?; h?; h'nc h78e
N hste h82= hﬂc huc hSSc hKSE hS'?c hﬂsc -
- _[ qN.ds {6-44)
r;ne
H 3 (M1 {B.} dx dy (6-45)
in which
3G,
_i1éx
{8} =54, (6-46)
2y
M] [k" °} (47)
0 k,

It should be kept in mind that k, and k, are not constants but depend on the hydraulic
gradients.

As
3G, 8 G,
é .
5&1=15¢ (6-48)
oy ds
and
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dxdy =l drds

Eq. (6-42) may become:

h, = I:I: {B,‘}T[J"]Tlm] 148, I dras

where

Now let

b= {8} 1Ml "] {B,} bl

we have

b = [ Thesaras = 3 Sw, w, h(s,, s,)

isl el

where Ng = the number of total Gauss Integration Points. It is noticed that matrix [M]
depends on the hydraulic gradients acting on the element and hence velocity of the

flow within the element.

6.6 Formation of the Global Equations

In the previous section 6.5, oniy one element was considered. The objective is to for all
the elements in the solution domain, build coresponding equation, then sum up with

Eq. (6-40).
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(6-50)

{6-51)

(6-52)

(6-53)



For readability, we rewrite Eq. (5-40):

e

E® =0,1=1,2, .., N 6-54
™~ é‘ H: (}ch) l ( )
Therefore for n unknown values of potential head H, , i=1, 2, ..., n, there are n

equations, which may be expressed in the form of matrix as:
(Kl {H} e+ {fle =0 (6-65)

where

K, = >h (6-66)

=1

Hy =14 1 (6-67)
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S0

il

M-
PUA

Sl

{f} i £ L (6-68)

Ial

M
Zlfmlej

ol

X

L i J

n

where N is the total number of nodes in the solution domain.

H ( =1, 2, ...,n) is unknown, while H; (=n+1, n+2, ..., N) is known (I'y boundary).
Inserting the (N-n) known potential values into Eq. (6-65), the final global equation may
be obtained:

Kl (B} = {Fh (6-69)
where
(H )
H'.‘
{H} = 7 Pop (6-70)
Hn-l
\ Hn J

[K] is a diagonally symmetric and positively definite matrix in which most elements have
zero value (sparse matrix). {F} is known. Hence, when [K] include only constants, Eq.
(6-69) represents a system of linear equations ( n equations with n unknown variables,
ie., H, i=1, 2, ..., n). From the discussion at the end of the previous section, it is
noticed that the matrix [K] depends on the hydraulic gradients at nodes which are not
known. Hence, Eq. (6-69) is nonlinear. This is one of the main difficulties in the
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soluton. Another one is that for free surface problems, the location of the free surface
is unknown.

6.7 FEM Solution for Non-Darcy Flow in Rockfill

The program developed in this paper is for general use in engineering design. it can be
used for 2-D Darcy flow with free surface, 2-D confined Darcy flow, 2-D non-Darcy flow
with free surface, and 2-D confined non-Darcy flow. In this section, solution for free
surface Darcy seepage flow and non-Darcy seepage flow is described. For confined
Darcy seepage flow and non-Darcy seepage flow, the only thing to do is to set the
maximum iteration number for free surface as 1 in the input data. No change is
necessary in the program.

The two difficulties mentioned at the end of the previous section make the direct
solution of Eq. (6-69) impossible. The current method used to solve the system of

equations is described in following steps:

6.7.1 Assuming the values of k, and k,, solve Eq. (6-69) for Darcy flow with free
surface. The program allows anisotropy in permeability to be considered for Darcy flow.

(1) Value of k, and k, based on the least square method:

For Darcy flow:
v
i= — 6-71
b= 6-71)
For most rockfill dams,
k=k =k, (6-72)

Figure 6-5 shows the relationships between i and v. The curve for non-Darcy law is
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known, while the curve for Darcy law is derived from the non-Darcy law by the least
square method.

a. Power Law

From Chapter 5, the power relationship between i and v is:

1= ¢yv" (6-73)

Define

Diffl= | (c,v* - %)’ dv (6-74)

Vi

As usually in the fluid field, the minimum velocity is zero, v; may be set as zero. From
Eq. (6-74), it is derived that

C 2c v
Diffl= —— vi*". ——1—vi%+ =% 6-75
B Tkerg® TN &73)

SDiffl 2, , 2v}

= T+ (6-76)
1. 2+¢ * 3K
()
By setting:
& Diffl
— =0 (6-77)
7 ()

the value for k is derived as:

2+,
3¢,

k = vho (6-78)
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b. Quadratic Law
From Chapter 5, the quadratic relationship between i and v is:
i = av +bv? (8-79)

Define

¥2 “ v
Difz= | (av+ bv - o)

dv (6-80)

Let v; be zero, one may obtain:

2 3 25
1 3 = 1
Dif2 = ( | 2 +b _Vz &E( -—}v‘-ﬁ (6-81)
k 3 5 2 k/ ~
By:
& Dif2 3
—~ = -z(a-lJ"—- A R (6-82)
1 k) 3 2 -
a —_
k
it is obtained:
1
k = - (6-83)
b
a+ —bv,
2o V2

(2) Assuming the free surface, solve for the Darcy flow. The flow chart is shown in Fig.
6-6.

(i) The program reads the read necessary data about the mesh size, coordinates df
control points in the mesh, information about the condition of the flow (Darcy or non-
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Darcy flow, free surface seepage flow or confined seepage flow, if non-Darcy flow
either power law or quadratic law to be used), the seepage coefficients.

(i) Assume the free surface and generate mesh;

(iit) For each element, build element matrix.

(iv) Build the global equations.

(v) Insert boundary conditions and solve the global equations.

(vi) Check the values of head potential at the free surface to see if the difference
between the calculated value and previous assumed value is less than the tolerance. If
yes, go to step vii; otherwise go to step (ii).

(vi)) Calculate hydraulic gradient, velocity, and discharge.

In Figure 6-6, the DiffHSurf is defined as:

1 Froe surface _ Free surface
|1, H, | , when [H,"™***<| > 0,00001

]HtFm:wﬁcel
DiffHSurf = (6-84)
[y Freesstice g, Preestiee] | gwhen [H, <" <= 0.00001

“

6.7.2 Using Eqgs. (6-5) and (6-6), calculate the non-Darcy coefficient based on the
hydraulic gradient calculated in the above calculations. Eq. (6-5) is valid for quadratic
law, while Eq. (6-6) is used for power law (both options are provided in the program).

6.7.3 Solve the fluid field by the finite element model described in 6.7.1 with non-Darcy
coefficient obtained in section 6.7.2.

6.7.4 Calculate the following expression for all nodes in the solution domain:
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' Ilem - H:-lhym‘k|

—- , when [H ™% > 0.00001
R

DiffH = | (6-85)
B - B, A% when [H,*™*| <= 0.00001

check if the DIFFH < Tolerance for all the nodes. If this not true for any node, go to
6.7.2, until for all the nodes, DIFFH < Tolerance.

6.7.5 Calculate the discharge, and print the output.

It is emphasized that the program developed above can equally be applied to Darcy
unconfined flow, and Darcy and non-Darcy confined flow conditions. Several control
switches are provided in the input data file to cater for the above conditions as desired.

6.8 Example Solution of the FEMND2D for Non-Darcy Flow in
Rockfill

In order to venfy if the developed FEMND2D program is reasonable, simulations were
for comparison with the experimental results from McCorquodale (1970) and from
Volker (1969). McCorquodale (1970) camied out experiments in a hydraulic flume using
uniform sized particles with dsp = 1.6 cm; while Volker (1969) used d size of 1.9 cm in
similar experiments,

Figure 6-8 shows the simulation result of one set of data from McCorquodale (1970).
The total number of elements is 30. It is noticed that

(1) the free surface of Darcy law is lower than that of experiment with maximum error of
6%,;

(2) the free surface of non-Darcy flow are very close to that from experiment with
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maximum relative error of 1%:

{3) the isopotential lines for non-Darcy flow are closer to that of the experiment than the
Darcy flow lines.

The discharge obtained from experiment is 454 cm® /s/cm. The discharge from non-
Darcy flow is 482 cm® /s/em, with relative error of 6.2% which is acceptable. The
discharge from Darcy flow is 349 cm® /sicm, with relative error 23.1% which is much
larger than that predicted by non-Darcy flow.

Figure 6-9 shows the simulation result of the dam mode! examined by Volker (1969).
The total number of elements in the above simulation by FEMND2D was only 36. The
simulation results are similar to that obtained by Volker (1969). The free surface of the
experiment is between that of the non-Darcy flow and the Darcy flow. Here that of the
non-Darcy flow is the highest. Both free surface curves of Darcy flow and non-Darcy
flow are close to that of experiment with maximum relative emror 2%. The measured
discharge of experiment was 0.114 ft¥/s/ft. The Darcy flow discharge is 0.09 f¥/s/ft,
21% less than that from the experiment. The non-Darcy flow discharge is 0.122 ft/s/ft,
7% more than that measured in the experiment.

6.9 Conclusions

In this chapter, 2 finite element method for 2-dimension non-Darcy flow with 8 nodes
quadratic isoparametric elements has been developed.

(1) According to the goveming equation and boundary conditions, the mathematical
aspects of quadratic quadrilateral element and the variational method were applied to
develop the element matrix and global equations with unknown head potentials as

variables;

(2) To solve the nonlinear problem, a linearization method was developed. The initial
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Darcy coefficients were obtained based on the least squared methed. Formulae were
derived for both power law and quadratic law for non-Darcy flow. Herations are
performed for both the free surface of seepage flow and the non-Darcy coefficients in
Eq. (6-4).

(3) Example simulations and comparisons with experimental results show that the
model developed provides very reasonable results.
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Table 6-1 Location of Sampling Points and Weighting Factors for Gauss Quadrature
(after Allaire, 1985)

Number of Points N Location of Sampling Weighting Factor (w; /Area)
Points R;
1 0.0 2.0
2 +0.5773502692 1.0
3 0.0 0.8888888889
+0.77459666382 0.5555555556
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Figure 6-1 Boundary Condition
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Figure 6-2 Element in global coordinates
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Figure 6-3 Element in local coordinates
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Figure 6-4 3x3-point Gauss quadrature integration
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Figure -5 Selection of Darcy seepage coefficient for Non-Darcy Seepage Simulation
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Figure 6-6 Flow Chart of Finite Element Method for Free Surface Darcy Flow
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Chapter 7 Derivation of New Formulae for Stability
Analysis at the Downstream Slope of an
Overtopped Rockfill Dam

7.1 Introduction

Stability analysis is one of the main tasks of the engineering design of an overtopped
rockfill dam. Original contributions to the stability analysis have been made in this
research, and are presented in this chapter. The design methods available in the
literature were described in Chapter 2 and are not mentioned in this chapter. The use
of all the methods including those described in Chapter 2 will be further discussed in
Chapter 8.

Three aspects of stability analysis were conducted and are described in this chapter:
the analysis of individual particle, the design of mesh protection along the downstream
slope, and the design of steel bars in the rockfil dam to prevent sliding of the
downstream slope of an overtopped rockfill dam. The stochastic behavior of the pore
pressure will be considered in the analysis.

7.2 Individual Particle at the Downstream Slope

Figure 7-1 shows the diagram of the forces acting on an individual particle, which is
subjected to both flow-through (seepage flow) and overtopping flow conditions.

In Fig. 7-1, T is the drag force, or the shear force due to overtopping flow; F is seepage
force; W is the gravitational force; R is the resultant resistant force acting on the
particle by the surrounding rock particles; and P is the statistical value of pulsating
force; v is the average velocity of open channel flow; h is the depth of overtopped flow.
The following assumption is made based on the experimental observation that sliding
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will be the basic failure mode. The use of pulsating force P has been undentaken for the
first time. The force P is the pulsating force caused by a combination of mainly
turbulent seepage flow and the influence of overtopping fiow.

7.2.1 Calculation of the drag force T

T is the drag force (or shear force).

The shear stress t for open channe! flow may be described as:

7 =y ,RJ 71

where
T = shear stress due to overflow;
vw = unit weight of water;
R = hydraulic mean radius for overtopping flow;
J = the hydraulic gradient ( the value is close to the tangent of the downstream
slope angle) for steep open channel flow.

In Eq. (7-1), R should not be confused with the hydraulic mean radius of the particles.
Considering wide channels:

R=h (7-2)
where h = the height of the overtopping flow.

From open channel flow theory (in Sl unit):

v = _1_ R‘.‘J’J JL’Z (7_3)
Ny

where
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ng = Manning coefficient,
v = velocity.

Substituting (7-2) in (7-3):

n,” v*
1= ;14,3 (7-4)
Substituting (7-4) and (7-2) in (7-1):
nly. v
e= Sl @-5)

Assuming that the projected exposed surface area along the slope (in a direction
perpendicular to the siope) of the particle at the downstream slope is A. Let

A=r7ng D? (7-6)
where

D = identical spherical diameter;
1 = coefficient determined by the shape of the particle;

T
7= ) for perfect spherical particles. rj can be experimentally determined if

required.
The drag force T acting 'on the particle is then calculated as :

7ollg VA

T = hHS

Substituting (7-6) in the above equation:
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y-'nd: V: 4“ D:

T= T (7-7)
7.2.2 Seepage Force (F)
The force F is shown in Figure 7-1. By Terzaghi ( Taylor, 1948 ):
F=kyJD (7-8)

where
Jo = local hydraulic gradient;
ke = coefficient depending on the flow pattern around the particle, for uniform
particles, ke = 1.

If Vrmin = the minimum bulk volume which could contain a particle of volume V, in
a porous media with void ratio e;

and V, =the representative particle volume, i.e., V, = ave::f; Z::ll;gass
then:

Vo = 146V, 7-9)
Hence, the seepage force here is represented as

F=ky,J,(1+e)V, (7-10)
7.2.3 Gravity Force (W)
W is shown in Figure 7-1. It is calculated by:

W=7,V (7-11)
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where

T» = buoyant unit weight.

7.2.4 Pulsating Force (P)

The pulsating force has been ignored in all previously available design methods.
However from the experiment of NHRI (Appendix 1), it was found that the pulsating
pressure can be high and may contribute to the failure of the downstream slope of a
rockfill dam.

Considering that P, the statistical value of pulsating force, is caused due to the
stochastic behavior of fluid flow, it is assumed that P is proportional to the hydraulic

gradient Js, and the minimum bulk volume Vi, One may define:

P =kyJ,(1+e)V, (7-12)
where
k; = pulsating coefficient which depends on the turbulence of the fluid field.

7.2.5 Resultant Thrust (R)

As shown in Figure 7-1, R is the resultant resistant force acting on the particle by the
surrounding rock particles. The angle between R and the y direction (normal to the
slope) is ¢.

7.2.6 Equilibrium Equation at Critical Condition

At the moment of incipient motion of the slope, the forces acting on the particle are at
limit equilibrium. By summing force in x direction (along the downstream slope):
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T+ Fcosy + Wsina + Pcosw = Rsin ¢

By surmming force in y direction:

Psinw + Fsiny +Rcosgp = Wcos

R may be obtained as:

Wceosa -Psinw - Fsin y
cos @

R =

7.2.7 Safety Factor of a Particle

The safety factor may be defined as:

Rsin @

FS =
S T+Fcosy+ Wsina + Pcose

(7-13)

(714}

(7-19)

(7-18)

Substituting Egs. (7-7), (7-10), (7-11), (7-12), and (7-15) into Eq. (7-16);

Wcos a-Fsiny - Psinw

- cos @[T + Fcos w + Wsina + Pcos @]

(7-17)

Substituting Egs. (7-7), (7-10), (7-1 1'), (7-12) in Eq. (7-17), one may obtain:

¥

w

ES

=cos a - (kpsiny + k sinw)J,(1+e¢)

n* v A
ld ok
- P
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Let

A 1
—=— (7-19)
vp dp

Eq. (7-18) is written as:

lt-’-cosr:ar - (kg siny + kK sin@)J,(1+¢€)
FS— ﬁw-v
n, v Yo .
S @ | TEg +(kpcos ¥+ kcose)J, (1+e) +y—sma:
4 w

(7-20)

In Eq. (7-20), kr , d;, 15, @and e are determined by the properties of rockfill material. The
parameters h, and v are detemmined by the overflow. The hydraulic gradient Jg is
deterrnined by the seepage fiow.

From Eq. (7-20), it is noticed that:

(1) The larger the value of a, the smaller the value of FS and vice-versa. This is why
the downstream slope for overtopped rockfill dam without protection is usually very flat.

(2) The higher the velocity of overflow v, the lower the FS. The lower the depth of
overflow h, the lower the FS for the same value of overflow discharge q.

q = vh (7-21)

where q is unit discharge. If q is known, the higher v coresponds to lower h. Hence the
value of q itself can not be the only criteria for engineering design. From open channel
flow theory, the iarger the slope angle «, the higher the velocity v. Hence g and «
together determine the stability and therefore the size of the particles located at the

231



downstream slope. The design criteria published by Abt and Johnson (1991) from
experimental data was a proper one and corroborates this conclusion. They obtained
the following expression:

Dy, =523 °%¢ °*  (in.) ' (7-22a)
where
gf = the unit discharge at failure (cfs/ft);

I = the gradient of the slope, i=tana.

The above expression can be transformed to Sl units as:

D,,=0503i °%g,°%*  (m)  (7-22b)

where g¢ = the unit discharge at failure in m*/s/m,

(3) The larger the value of d,, as defined by Eq. (7-19), the higher the FS, and vice-
versa.

When V;, is constant, the larger the value of A the lower is the value of d;, and vice-
verse. This is why thin slab-shaned rock particles fail more easily under the condition of
overflow, if the largest surface is located along the downstream slope. |

{(4) The higher the value of J,, the smaller the FS. Tnis is because higher hydraulic
gradient corresponds to higher seepage force. ’

The practical application of Eq. (7-20) will be discussed in Chapter 8. If detailed
information of the seepage fluid field is not obtained by numerical modelling or physical
modelling (as happens in most small dams’ design), an approxi'mate method to count
the seepage flow is described here. Because it was concluded that the seepage
direction near the downstream slope is almost horizontal when the flow over the slope, .
is steep open channel flow, that is:

Vo= (7-23)
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By the experimental data measured from NHRI, the value of k, may be obtained from
the sum of pulsating force P and the seepage force F.

F+P

k,+ k, = .
Y wJO(1+e) Edgo .

0064 * 3 * % (0.044)°

1 T’ 3 (7'24)
g w(i"‘g)(l-l-l.OS) 3(0.044)
=16

Hence k , = 0.6 for the overtopped rockiill dam built of uniform size of particles.

Eq. (7-20) can be rewritten as the following easy-to-use formula:

L os - ke + k) (1+te)sina
FS= Le_ . "
COS‘P'{%% +(ke+ k, ), (1+€)cos a +2t Gn g J
P , w .

(7-25)

where k, may be taken as 0.6, and k; is 1 for almost uniform rockfill material.

7.3 Design of the mesh at the Downstream Slope of an
Overtopped Rockfill Dam

Figure 7-2 shows the diagram of the forces acting on an individual particle in a slope
over which a reinforcing mesh is placed. The only difference between Figure 7-1 and
Figure 7-2 is that in the latter there is one extra force S which represents the constraint
provided by the mesh at the downstream slope. The force S can make a unstable
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particle stable if the mesh is properly designed. This mesh may consist of welded
rebars, steel chains or (in future) composite plastic material.

. Force equilibrium in x direction:

S=T+Fcosy + Wsina + Pcosw - Rsing

(7-26)
Force equilibrium in y direction:
Psinw + Fsiny + Recosg = Wceos & 7-27)
From Eq. (7-27):
R = Wcosa - Fsiny - Psinw (7-28)

cos @

Substituting Eq. (7-28) in Eq. (7-26);

Feos(y - @)+ Wsin{fa- 9 )+ Peos{w - @)
cos @

S=T+

(7-29)

Substituting Egs. (7-7), (7-10), (7-11), (7-12) in the above equation, the force required
for the mesh by the stability of one rock particle along the downstream slope:

i Lereos(0-9) + kyoos (@ - @) Ny(1% ¢) + Losin(ar - )
S = ?WVP hlB + COS@ -

(7-30)
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If detailed information of the seepage fluid field is not obtained by numerical modelling
or physical modelling (as happens in most small dams’ design), an approximate method
to estimate the seepage flow is described here. The seepage direction near the
downstream slope is assumed horizontal when the fiow over the slope is steep open
channel flow.

v=Eo=-a (7-23)

By the experimental data measured from NHRI, the value of k, was obtained as 0.6,
while k = 1 for almost uniform rockfill material.

Eq. (7-27) is then simplified as:

- [kF + k,] Jo(1+e)cos(a - qp)-!—z—‘?-sin(a- )
ndV yw

S=y.V; h¥ cos @

(7-31)

The stress in the mesh ¢an be obtained from:

amdSO

where:
om = the shear stress in the mesh, in the direction of the slope;
an, = the area of the cross section of the mesh (see Fig. 7-3);
dso = the average diameter of rock particles at the downstream slope.
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For practical design:

(7-32)

where:
Fm = the factor of safety for the mesh;
oca = the allowable tensile strength of the mesh.

7.4 Design of Steel Bars ii1 Rockfill Dams

Figure 7-4 shows an amangement of reintorcement by stei ars inside the downstream
slope. The steel bars would invariably be ccrinected to the mesh. In Fig. 7-4,

a = the angle of the downstream slope;

H = the height of the downstream siope,

It is assumed that the distribution of the required stress inside the rockfill slope which
has to be resisted by the anchors is m‘ar{guiar as shown in Fig. 7-4. An analogy may be
made to the distribution of horizontal stress in horizontal ground. t denotes the
maximurm stress at the base of the dam. The downstream clope is divided into slices.
For eacn slice, the forces are shown in Fig. 7-5.

In Fig. 7-5,
W), = the buoyant weight of slice i;
T, = the shea force acting on siice i due to the overtopping flow;
Ni = the normal force at the base of the slice;
Nr; = the shear force along the base of the slice;
J; = the average hydraulic gradient of seepage flow in the slice, Jx; and Jy; are
its components in x and y direction respectively;
E: , B = the horizontal inter-slice forces:
Yi, Y = the vertical inter-slice forces;
Ax; = the width of the slice.
G; = the total (resultant) force mobilized in the steel bars traversing the slice.
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The method recommended by Lambe and Whitman (1979, pp.354) is used here to
account for the forces of the seepage flow on the slope stability: to use the buoyant
weight instead of the total weight for the slice and consider the seepage force acting on
the rock particles within the i slice. Since for an earth dam, the hydraulic gradient
inside the dam is small (Darcy law usually applies), the seepage force is often omitted.
But for overtopped rockfill dams, the hydraulic gradient is usually quite high, and the
particle size is large. Hence, the scepage force is an important force that influences the
stability of the slope.

At the moment of incipient motion of the slice, the forces acting on the i" slice are at
limit equilibrium. By summing forces in the y direction (Fig. 7-5):

Nicosf; + Ny sinf, - 7 JyA; - Wy, - Tsine ;- (Y;- ¥,,) = 0

(7-33)
where
N; tan @'
Np= ———— (7-34)
Similar to the Bishop method, let
Y, = Y, (7-35)
then:
A+ W, + Tsi
N,‘ = yw JY:Al \tz:lu - TISID a {7‘36)
cos B, + ?_ in B

Now consider the forces in x direction:

237



The resisting force on slice i is:

Resistance force = Nycos B, + §, (7-37)
The driving force on slizz i is:
Driving force = T cosa + y J, A, + Nsinf, +(E, - E.)

(7-38)

If n is the total number of slices, the total resistance force is calculated as:

Total Resistance force = i(N 7¢0s B8 + G))

t=1

(7-39)
The total driving force is given by:

Total driving force = i'l‘i cosa + iwa,‘iAi + iNiSiﬂﬂi
te1 i=1

[

+ 2E, - E.)
(7-40)
g'l‘i cosa = grim{i (7-41)
where 7; was defined by Eq. (7-1).
Assume that:
$E £ =0 (742)
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f 1

iNiSinﬁi = il (7 I A, T W, +Tsin @) s“;afll '
Bt "‘ cos B, + L sinﬂ,-l
(7-43)
tan L}
iNﬁcosﬁ L= —F“p— iNicos B,
-l x i=
e | ]
=EEE 2 A, + Wy + Toin @) —— 200
s = cos B, + E sin 8,
(7-44)
The buoyant weight:
Wo = 744 ‘ (7-45)
Defining the safety factor as:
Total resistance force
F, = -46
: Total driving force (7-48)
The factor of safety may be obtained from:
> Ny c0s B, + G,)
Fs - [
STasa + DyuuA + SNsng, 4D
i=] i=1 i=1

or
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[

" ?_ sin B,

L)
" . " cos B, +

iG =F|V§\T Ax + ¥ i] A + iSinﬁl(?’wJ\'le-*-yb A, +T, Ax] tan a)

tanqj'iCOSﬁi(}’wJ“A‘-i-‘thl +T'Axl tana)
F: =l ta'nq?. .
T sin B,

3

cos B, +

(7-48)

Assuming linear distribution of stress (see Fig. 7-4), itis obtained that:

%tH = iGi (7-49)
- 1l
hence
232G,
= i :
SR (7-50)
Let

L Sinﬂ ; (7_51)

mi:cosﬂ: +
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we have

. 2}1_1-',[2?'_&‘ vy 3r A+ TIEOIA YA traxna ]

=] 1=l 1=t m,

2unp’ $oosB (uIuA 7y A+, A%, )
HF, it m

(7-52)
The above analysis should be repeated for several depths of slip surface in order to
obtain the maximum value of t for design. The anchor force has to be mobilized by that

length which lies outside the potential failure plane. This is illustrated in Fig. 7-6.

Anchor i will be required to mobilize the force shown in the hatched area in Fig. 7-6. Let
tan & =

t
5 (7-53)

Required anchor force for anchori is:

B, = (Y, - ymm)[H-y—”'%}M}ane

(7-54)
where Yigp, and Yuoem are defined in Figure 7-6.
The free length of the anchor with diameter d, |; is then;
B.
l, 2 ———t—ou -55
" mdo', tang' (7-58)
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where

¢' = the friction angle between steel bar and rockfill; and

vlo + m
o_nu =[H_&;}&_] s (7-56)

In a design, the procedure is suggested as foilows:

(1) Select different slip surfaces (there is no limitation for the shape of slip surface, but
for the time being circular shape is used);

(2) For each slip surface, calculate t and then tan6 using Eq. (7-52) and (7-53)
respectively;

(3) Choose the maximum value of tan® to calculate the required anchor forces for steel
bars at each elevation using Eq. (7-54);

(4) Calculate the length of anchor required at each locations using Eq. (7-55). If at
some locations, one steel bar is not enough, more steel bars could be used at the
same level in the horizontal direction. If this is still not feasible, reduce the vertical
distance between close steel bars. If this is stil not feasible, red.ice the downstream
slope and go back to step 1.

7.5 Concluding Remarks

Based on experimental observations and available experience of overtopped rockfill
dams, the following original stability analyses have been provided:

(1) the expression for the design of the downstream slope protected by large rock
particles only (Eq. 7-20);

(2) the expressions for the design of mesh along the downstream slope to protect the
downstream slope (Egs. (7-30) and (7-32)); and,
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(3) the expressions for the design of steel bars in the rockfill dam to prevent the slide of
the downstream slope of an overtopped rockfill dam (Eqs. (7-52), (7-53), (7-54), and (7-
58)).

The use of these relationships in practical design will be discussed in Chapter 8.
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mesh placed

Figure 7-2 Forces acting on a particle at the downstream slope protected with mesh
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Chapter 8 A Proposed Design Methodology for
Flowthrough and Overtopped Rockfill Dams

8.1 Introduction

Any engineering design requires a proper design methodology. At present, the most
common design method is that proposed by Parkin (1963, 1991). Hansen (1992)
carried out comprehensive studies on the cesign of flowthrough rockfill dams with
emphasis on the slope stability, the finite difference method for seepage fiow, the
behavior in sub-zero temperatures, and the spatially varied flow. The comprehensive
studies at the Nanjing Hydraulic Research Institute were concentrated on the design of
overtdpped rockfill dams, especially on the type of flow patterns, the determination of
discharge, failure pattems of the downstream siope in an overtopped rockfill dam, and
the non-Darcy theory which is the basis of the present study. In this chapter, a new
design methodology is proposed. The following text describes the recommended
design methodology, step by step.

8.2 Design Methodology for Flowthrough and Overtopped
Rockfill Dams with or without Detailed Pore Pressure
Distribution

The formulae which are recommended for use in the design of flowthrough and
overtopped rockfill dams are summarized below. Figure 8-1 shows the definition of the
parameters in an overtopped rockfill dam. In a practical design example, the dam may
be subjected to both flowthrough, and overtopping flow.
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8.2.1 Seepage flow through the dam

Velocity of turbulent seepage flow in a dam can be evaluated by the newly derived
expression given by Eq. (5-92):

v=25¢Rn% = 1580k (8-1)

where
n = porosity of the rockfill dam;
g = gravity acceleration;
i = hydraulic gradient of non-Darcy flow;
R = mean hydraulic radius which may be defined by Eq. (5-70):

R = 0.136d,, (8-2)

The average hydraulic gradient through the dam for flowthrough conditions can be
estimated by the following expression which was derived by Hansen (1992);

Wt

1.4
. H, H
= 0.8 —
e (H J [Bu +B, +0.5B, ] &-3)

where
Hg = the upstream water depth;
H = the height of the dam;
Bu = the horizontal length of the upstream slope;
B. = the horizontal length of the crest:
Bq = the horizontal length of the downstream slope.

The estimation of the unit-width discharge through the dam can be obtained from the

following expression. It is the multiplication of the upstream water depth h and the
average velocity as estimated by the new turbulent law Eq. (8-1):
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q. = 1.58nh \/gR1i, (8-4)
where
Qs = unit-width flowthrough discharge [L /T/L];
h=min{ H, Hy);
lave = @verage hydraulic gradient through the dam which is estimated by
Eq. (8-3).
Total seepage discharge discharge through the dam is:

Q=gq,L (8-5)

where L. = the average length of the dam in the valley where the flowthrough and
overtopped rockfill dam section is located.

8.2.2 QOvertopping flow
Two issues are involved in the design of overtopped rockfill dams. These are the
determination of overtopping discharge, and the estimation of the water surface curve
at the downstream slope.

(1) Discharge over the crest of a dam

The unit-width discharge over the crest, Ques, Of the dam may be calculated by (Hu,
and Li, 1989);

Qerest = M6 (29)°° Hover ™ (8-6)

where
o = coefficient of submergerice. For free flow o=1;
m = discharge coefficient;
Hover = Upstream water head (measured from the crest of the dam);
g=9.81 m/s%,
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The value of m is generally taken as 0.44 for free flow. More detailed determination of

m and o are given in Figure 2 in Appendix 1, based on the NHRI experimental data.
The overtopping discharge (over the crest) is:

Qurest = 9 e Lres (8-7)
where L.y = the length of the crest,
If the required total discharge capacity from hydrological consideration is Qi and the
flowthrough seepage discharge is Q,, then the design overtopping discharge (over the
crest) is given by:

Qoee = Qua = Q, (8-8)

(2) Estimation of the water surface curve for the spatially varied flow at the downstream
slope

Hansen (1992) derived a modified expression based on Chow (1959) for the estimation
of the free surface profile for spatially varied flow over the downstream slope (Fig. 8-2):

L1 QI(V!+V=)( A J }
Ad cos & {g(QI_l_QZ) VZ V'l ' QI (QZ QI) S!'Ax

(8-9)
where
Ad' = the local drop in depth d relative to the bed:
o = angle of downstream slope;
x = coordinate in the direction of the slope;

ax = the distance between section 1 and section 2 along the slope (=x, “X1);
St = friction slope;
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Qs = discharge of the flow at section 1;
Q.= discharge of the flow at section 2;
V, = velocity of the flow at section 1;
V. = velocity of the flow at section 2.

The Manning equation for fully turbulent flow is widely used in open channel hydraulics.
The value of the Manning coefficient ny obtained by Maynord was given by Eq. (2-81):

n, = 0.038DJ (8-10)

The friction slope is then obtained by the Manning equation:

Se=| =2 (8-11)
R

where R, = the hydraulic mean radius of the overtopped rockfill flow.

The shear force may now be determined from the known friction slope, Sf, by the

following expression:

T o= 7 4 RoS; (8-12)
where Rp = the hydraulic radius of the overtopping flow.

8.2.3 Design of the average rock size at the downstream slope

The design criteria (Eq. (2-90)} published by Abt and Johnson (1991) from experimental
data can be used for an preliminary estimate of the dsy required to protect the
downstream slope. However it should be noted that their experimental set up did not
permit any seepage flow through the dam. Hence the average size. estimated from Eq.
(2-90) is likely 1o be in the unsafe side. After ds is estimated by Eq. (2-90) or by
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experience, the safety of a designed downstream slope of an overtopped rockfill dam is
calculated by Eq. (7-20) in Chapter 7:

y—“cos a - (ke siny + ksinw)J,(1+e)

FS= Lo
n,v" Yy .
cos @ PR +(kpcos ¥ + kcosw)J, (1+e) +;—s1na}
p w

(8-13)

It should be noted that if the result of a non-Darcy finite element flowthrough seepage
analysis (Chapter 6) are available, then the parameters y and o are known. Eq. (8-13)
can then be used directly. However in many cases and generally for the design of small
dams, such results may not be available. In such case, a simplification can be made by
assuming that ¥ = @ = a in the case of a steep open channe! flow. Clearly if the
downstream pool elevation is very high, then the condition of a steep open channel
flow is not satisfied. In such case, the use of this simplification will lead to an overly
conservative design. The simplified expression for the factor of safety is given by:

flcosa - (ke *+ k,)I,(1+€)sina
FS= =~
n?v? .
cos@'| o +ke+ k)I, (1+e)cos a + 2 gna
h dP ? ?w

(8-14)

where k, may be taken as 0.6, and k is 1 for almost uniform rockfill material (this is true
for most flowthrough and overtopped rockfill darns).

The required depth t, of the protection layer may be estimated by Abt's expression (Abt,
1988):
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t, = max{1.5D,,, D,,, } (8-15)

where Do = the maximum diameter of the rockfill material.

8.2.4 Design of mesh at the downstream siope

The required restraining force on a simple average sized particle from the mesh is
given by Eq. (7-30):

e [oos (v -0) + kyoos (@ - 93,1+ €) + Losin(a - p)

S = 7.V, + =
Yu¥e )Ty cos @

(8-16)

Again if detailed information about v and o (for seepage ﬂdw) is not available, the
following expression may be used by assumingthaty = @ = a :

W

22 [lcF + kp] Jo(l+e)cos(ax - @)+ -::—*’sin (a- @)
-+
h'? cos @
(8-17)
where k, may be taken as 0.6, and k; is 1 for almost uniform rockfill material.

If the mesh size is I, x |, (see Fig. 7-3), then the cross section area of each strand is
given by:
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(8-18)

where:
Fm = the factor of safety for the mesh;
cai = available tensile strength of the mesh;
dso = the average diameter of rock particles at the downstream slope.

8.2.5 Design of anchor bars in the downstream slope

The maximum lateral stress from anchor bars at the base of dam (Fig. 7-4) is given by:

t = 2_'1-';"[21"&' + ?’wij,u Au + ESinﬂi (?WJ&‘.A.+?’5 A, +7, Ax,tana }
H i=] 1l | m

2m¢' zcosﬁi(waY,A,-i-ybA, +z.: Axl ta'na)
HF; =l m

(8-19)
where

? sin B, (8-20)

3

m;, = cos f, +

Different slip surface ( or failure planes) should be analyzed in order to obtain the
maximum value of t.

The required anchor force, B;, for anchor i is given by:

B,= (v, - ym)[ -y“—”rfﬂ}me (@-21)

where

(8-22)

|~
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The free length of the anchor with diameter g, |; is then given by:

1, 2 B (8-23)
' mdo,tan g’

where

o' = the friction angle between steel bar and rockfill; and

-+
o-n' =( _M]yb (8-24)

8.2.6 Summary of Design Methodology
The following design steps are recommended.

Step 1: Determine the geometry (location of the dam, height, length of crest, upstream
slope, downstream slope), the importance of the dam, the geological consideration,
and the political consideration.

Step 2: Determine the availability of the rockfill in the field, and economic benefits of
an overtopped dam versus other dam designs.

Step 3: Determine discharge, upstream water depth, and downstream water depth by
hydrograph analysis.

Step 4: Determine the discharge that can flow through the rockfilt by non-Darcy finite
element method developed in Chapter 6 if the flow condition is complex or the dam is
very important, or by Egs. (8-1) ~ (8-4) if the downstream water leve! is shallow and the
dam is small. When the flow condition is complex or the dam is very important, the finite
element method developed in Chapter 6 may also be used to estimate the pore
pressure distribution in the rockfil! dam.
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Step 5: Protection of the downstream slope. Two kinds of protection are recommended
here,

(1) Protection with large particles

There are situations, where adequate supply of large rockfill is economically available,
e.g., in mining projects, and where the inclination of the downstream slope is not of
concem. In such a case, a safe overtopped slope may be designed with the use of
rockfill only. The design procedure is as follows:

(i} Firstly, estimate the average diameter of rock particles to be used to protect the
slope or estimated by experience or by Eq. {2-90).

(ii) Calculate the safety factor of the slope FS by Eq. (8-13) if the detailed information
about seepage fiow has been obtained by the finite element method in Step 4, or by
Eq. (8-14) if this information is not available.

(iii) If FS is larger than a certain value that depends on the importance of the dam (for
most cases FS 2 1.5), the design is complete; else, increase the average diameter of
the rock particles and go back to (ii).

(iv) The depth of the rock layer is estimated by Eq. (8-15).

(2) Protection with mesh and anchor bars

There are situations, where adequate supply of large rockfill is not economically
available, or where the inclination of the downstream slope is of concem. In such a
case, a steep downstream slope may be designed with the use of mesh along the

slope and anchor bars within the slope.

The mesh along the siope can be designed by the following steps:
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(i) Calculate the required restraining force on a single average sized particle by Eq. (&
18) if the detailed seepage information is obtained by the non-Darcy finite element
method developed in Chapter 6, or by Eq. (8-17) if this information is not available.

(i) Determine the size of the mesh opening according the size of rockfill material. The
size of mesh opening should be smaller than the size of external layer of rockfill at the
downstream slope.

(iii) Estimate the required cross section area of each strand of the mesh by Eq. (8-18).
If it is compatible to the available material, it is determined; else, adjust the size of the
mesh, until this is true.

Anchor bars are required to keep the mesh fixed along the slope. The design
procedure is as follows:

(iv) Select different slip surface (there is no limitation for the shape of slip surface in the
theoretical derivation, but for the time being circular shape is used);

(v) For each slip surface, calculate t and then tand with Eq. (8-19) and (8-22)
respectively;

{vi) Choose the maximum value of tan® to calculate the required anchor forces for steel
bars at each level using Eq. (8-21);

(vii) Calculate the length of anchor required at each locations with Eq. (8-23). If at some
locations, one steel bar is not enough, more steel bars could be used at the same level
in the horizontal direction. !f this is still not feasible, reduce the vertical distance
between close steel bars, If this is still not feasible, reduce the downstream slope and
go back to step iv.

8.3 Summary
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A concrete design methodology for flowthrough and overtopped rockfill dams with or
without detailed pore pressure distribution has been fully described in Section 8.2. It
should be noticed that in this method, the hydraulic gradient of the seepage flow at the
downstream slope is conservatively assumed to be equal to the tangent of the
downstream slope angle and flows out horizontally. This phenemena was observed at
NHRI for steep open channel flow. This treatment may be too conservative for other
flow conditions when the downstream water level is high enough to influence the flow
pattemn at and near the toe. Two examples are given in Appendix 3 to show the design

of a rockfill dam protected with large particles and that protected with a stee! mesh and
steel bars.

For complicated flow conditions or medium-height dam, it is advisable to conduct the
finite element analysis of the non-Darcy flow within the rockfill dam by the method
developed in Chapter 6. In this case the value of the hydraulic gradient of the seepage
flow within the dam should be obtained from the resuilts of the finite element analysis.
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porosity n

/ average size s

downstream

Figure 8-1 Definition of an overtopped rockfill dam

Figure 8-2 Spatially varied flow at the downstream slope
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Chapter9 Summary of Conclusions and Suggestions
for Future Research

9.1 Conclusions

1. Based on pipe flow theory, new definitions of Reynolds number Re and friction
coefficient f have been proposed in Chapter 5. With the new definition, seepage flow
is fully turbulent when Re > 200. The general relationships between Re and f for both
quadratic seepage law and power seepage law have been presented for the first time.
New relationships between hydraulic gradient i and velocity v of the non-Darcy flow in
rockfill have been derived in Chapter 5 for practical engineering design. The derived
relationships are found to be close to the available prototype data.

2. Computer simulations with wide range of porosity (n=0.35~0.5) and rockfill size (d=
0.01m ~2.0 m) indicate that in most conditions, the i~V curves given by “general”,
Wilkins, "quadratic”, “turbulent’, and "modified Stephenson” expressions are very close.
A comparison of different expressions of i and V reported in the literature applicable for
rockfill indicates that these are applicable only in a limited range of seepage flow. The

experimentally derived expressions reported in the literature are special cases of the
general expressions derived in Chapter 5.

3. The mean hydraulic radius of rockfill may be predicted by the empirical relationship
derived in Chapter 5. From the literature review and from the simulation of some
available prototype data, it is concluded that the 50% size can reasonably be
considered as the dominant size for flow calculations in flowthrough rockfill design.

4. The differences between the power law and the quadratic law are analyzed. The
constants in the power law are functions of Reynolds number. The constants in
quadratic law are unique for all ranges of Reynolds number (from Darcy flow to fully
turbulent flow). The quadratic law is better than the power law for numerical modelling
of pore pressure distribution in a rockfill dam.
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5. Methods to estimate the discharge through a rockfill dam have been proposed.
When the average hydraulic gradient through the dam is unknown, Eq. (5-98) may be
used to estimate the unit-width discharge through the dam.

6. Egs. (5-103) and (5-104) are derived for the estimation of the free surface curve of
seepage flow in a flowthrough rockfill dam.

7. A finite element method for 2-dimension non-Darcy flow with 8 nodes quadratic
isoparametric elements has been developed. Example simulations show that the model
developed provided very reasonable resuilts .

8. An expression (Eq. 7-20) for the design of the downstream slope protected by large
rock particles has been derived. The pulsating force is considered in this derivation.

9. The expressions for the design of mesh along the downstream slope to protect the
downstream slope (Egs. (7-30) and (7-32)) are derived.

10. The expressions for the design of steel bars in the rockfill dam to prevent the slide
of the downstream slope of an overtopped rockfill dam (Eqs. (7-52), (7-53), (7-54), and
(7-55)) are derived.

11. A practical design methodology for flowthrough and overtopped rockfill dams has
been fully described in Chapter 8. Two examrles are given to show the design of a
rockfill dam protected with large particles and one protected with steel mesh and steel
bars. '

12. For the first ime, stochastic behavior of the forces acting on force panels is studied.
It is found that the probability distribution is very close to Gauss distribution, and most
energy is within the range between 0 and 10 Hz.

13. Model tests show that the failure of a uniform overtopped rockfill dam unprotected
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or protected with large rock particles, the initial failure is local and shallow. The position

depends on the downstream water level, the placement, and the type of protection. For

the first time, two basic possible failure pattemns are found to depend on the velocity of
. the increase of the upstream water level.

14. By combining the Prandl mixing-length turbulent model with the non-linear
seepage equation, two analytical solutions are derived for 1-dimension non-Darcy
seepage flow in rockfill channel. In comparison to the other models, the solutions
presented are simpler in form, and with a relative error of 12%.

9.2 Suggestions for Future Research

1. it is suggested that computer simulation of the seepage fluid field of the non-Darcy
flow of a flowthrough and overtopped rockfill dam with an upstream impervious facing
be carried out. The finite element program developed in Chapter 6 can be used for this
study. This analysis should be conducted with the dam profile of the experiment
conducted by Wilkins (1956) to compare with the expefimentai results. A user-friendly
interface to the finite element program should be developed.

2. Large-scale (prototype-like) physical modeliing for non-Darcy seepage flow in a
flowthrough and overtopped rockfill dam, and the failure conditon should be
undertaken. The boundary condition of the upstream impervious facing should be
simulated in the prototype-like model. The finite element program developed in Chapter
6 should be used to compare the experimental results.

3. A probabilistic analysis of the stability of the downstream slope of an flowthrough
and overtopped rockfill dam should be carried out in the light of the conclusion obtained
in Chapter 4 that the total force acting on the slope has a Gauss distribution. Further
assumption(s) rnay be needed to conduct the study successfully.
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Appendix I: Summary of Useful Results from Nanjing Hydraulic
Research Institute (NHRI)

.4 Introduction

Research activities in flowthrough and overtopping rockfill dams have been conducted
at the Nanjing Hydraulic Research Institute (NHRI)} from 1985 to 1990. The major areas
include physical modelling for the Tianshenggqiao rockfill dam under construction, and
its upper cofferdam, and comprehensive studies including characteristics of
overtopping flow, seepage flow, protection method and failure pattem, analysis of
stability, simulation theory, and prototype observation. The research is conducted by a
group of scientists lead by Hu, Qulie, and Li, Bingjun, and the work has been presented
in Hu and Li (1988, 89, 91, 92). It appears important to include applicable results in the
present research. The following text presents a summary of these results.

.2 Simulation Theory and Physical Model Design

.21 Due to the fact that no model simulation theory was available for physical
modelling of an overtopped rockfill dam, theoretical studies were conducted by Li and
Hu (1990). These results were used for physical model design of an overtopped rockfill
dam'protected by steel mesh. The following guildelines were followed in the design of a
physical model:

1. The physical model of rockfill dam overtopping should be undistorted and comply
with the laws of similitude of gravity and flow resistance (Nanjing Hydraulic
Research Institute, 1988).

2. For flow over a gentle slope, overflow plays an important role in controlling the fluid
pattern, When R/dsy > 15 (where R = hydraulic mean radius, d; = the average
diameter of rockfill particles), the hydraulic characteristics in prototype could be
reflected in the physical model.

274



3.

4,

For flow over a steep slope, the effect of seepage flow on the overflow depends on
the porosity and the size and shape of rockfill, If the permeability of the model is
very high, the flow pattem in the model may be different from that in the prototype.

The initial condition of overtopping flow over a rockfill dam with the increase of
upstream water level may not be simutated in a physical model if the permeability of
rockfill is not low. The simulation of flow between the flowthrough stage and fully
overtopping stage is difficult to model in the laboratory.

Since the model is designed according to gravity law, the pemmeability of rockfill in
the model is not similar to that in the prototype. However, some important
characteristics of the seepage field in prototype could be evaluated from the results
in the physical model studies. The seepage rate in the model can be extended to
the prototype by the following equation (not the gravity law!):

I !
A= ALY (1)

where

A, = the modelling scale for seepage velocity;

A = the modelling scale for the permeability of rockfill material;
im = the hydraulic gradient measured in the model; |

Nwm = the power order for power law measured in the mode!;

Np = the power order for power law in prototype, usually Np = 2.

If Np = Ny , Equation (I-1) becomes

Ay= Ay (-2)

This is the same as the simulation law of Darcy flow in physical modelling (Nanjing

Hydraulic Research Institute, 1988). Eq. (I-2) provides a genaral modelling theory if Np
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= Nwu. In this case, the flow pattem of seepage flow in the physical model and that in the
prototype are the same, i.e., it could be Darcy flow, fully turbulent flow, or at some
intermediate stage. This also provides a method for the design of the scale of the
physical model. Since in flowthrough and overtopped rockfill dams, seepage flow is
usually fully turbulent in the prototype, it is necessary that the scale of the physical
model be large enough to develop fully turbulent flow.

6. The size of the steel mesh used to protect the downstream slope should be
deisgned according to the gravity similitude law. The diameter of the modelled mesh
may be determined according to:

Ao =(h * Arr )2 (-3)

in which A, is the scale-factor of the diameter of reinforcing mesh, Agg the scale-factor
of tensile strength of the mesh material, A; is the scale-factor of the dimension of the
model. If the same type of material has been used in the model as that in the
prototype, then Azg = 1. In this case, Eq. (I-3) becomes:

Ao =M % (-4)

For example, in the modelling of the Tianshengqiao rockfill dam, a scale of A; =36 was
used. The diameter of steel mesh in the field was ¢p» =40mm. from Eq. (I-4) indicated
that the diameter that should be used in the physical model was ¢y = 0.18 mm, which
was too small to be modelled. in the simulation of Tianshengqiao rockfill dam, a plastic
mesh was therefore used in the physical modelling (Hu, and Li, 1989).

I.2.2 Experimental studies of the Tianshenggiao rockfill dam and the upper cofferdam
under construction in flood period were also conducted at the Hydraulic Laboratory of
Nénjing Hydraulic Research Institute(Hu, and Li, 1989). The scales of the models were
1/36 and 1/25.
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Experiments were conducted in a flume 0.8 m wide, 3 m in height, and 35 m in length.
Figure | - 1 shows the profiles of some physical models (Hu, and Li, 1989). The height
of the upstream cofferdam was approximately 21.1 m, the upstream slope was 1:3.5,
and downstream slope was 1:1.5. Concrete blocks, steel mesh, and steel bars were
used to protected the downstream slope of the upstream cofferdam. The upstream
slope of the unfinished rockfill dam (under construction) was 1.4:1, and the downstream
slope 1.29:1. The surface of the unfinished dam was protected with large-size rock
particles, while its downstream slope is protected by the concrete blocks, steel mesh,
and steel bars. Reinforcing cages was used at the toe of the downstream slopes of the
upstream cofferdam and the unfinished rockfill dam.

1.3 Summary of Experimental Results from NHRI

1.3.1 Characteristics of Overtopping Flow

Photographs I-1 and 1-2 show the flow pattem of steep open channel flow with shallow
downstream water depth.

1.3.1.1 Estimation of Discharge
Unit width discharge over a rockfill dam may be calculated by:

q = me (29)°° H,"® (I-5)
where

o = coefficient of submergence, for free flow o=1;

m = discharge coefficient;

H, = upstream water head (over the crest of the dam);

g =9.81 m/s%,

The value of m and o are given in Figure -2, based on the NHRI experimental data.
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1.3.1.2 Hydraulic Jump at the Downstream Slope

Due to the seepage flow within the rockfill dam, the open channel flow appears to be
pushed up by the downstream seepage flow. The pressure measurement show that
there is no negative pressure at the base of the hydraulic jump. Experiments also show
that there is no undercurrent in the reverse direction under all flow conditions. The
hydraulic jump at the downstream slope is found to be located at the surface of
overtopping flow. The conjugate depth (Fig. I-3) is derived as (Hu and Li, 1989):

]z 2Fr + cos 6 +Ksin & L

B _ 1 Kgng L [ Ksing LY h,
. 2 2Fr, +cos @ h, 2Fn +cos @ h, 2Fr, +cos &

(-6)
where K, = constant, usually Ko = 1.
V,
Fr = —— -
I b, (-7)
Fr, = . (-8)
gh,

Studies show that with the increase of h; and decrease of Fry, it is possible for
incomplete jump (actually wave at the free surface) to take place at the downstream
slope. This was observed in the experiments.

- 1.3.1.3 The Influence of Seepage Flow on Total Discharge

It was observed from the experiments that when the size of the rockfill material is small,
the seepage discharge is very small compared with the overtopping flow. With the
increase of the size of rockfill material, the percent of seepage discharge over the tptal
discharge would increase (maximum 24% found in the experiments).

278



1.3.1.4 Selection of the Profile of An Unfinished Rockfill Dam during Flood Period

A large rockfill dam usually takes several years for its construction. The flood discharge
through the dam site in the flood period each year during construction is a very
important design consideration. In conventional construction design, an upstream
cofferdam (which in many cases resembles a medium size dam ) and a diversion tunnel
with high discharge capacity are usually provided and which are generally very
expensive. Considerable economy can be realized if large flows are allowed to flow
over the unfinished dam section (or part of it). In this case, some protection for the
downstream slope and the crest may be necessary. The provision for overtopping flow
in the design implies that a lower upstream cofferdam, and small sized diversion
tunnels will be required.

The profile of an unfinished rockfill dam is usually very long compared to its height.
Experiments at the Nanjing Hydraulic Research Institute show that open channel flow
theories can be applied. The key considerations in the design are to make the flow
pattemn stable, the average velocity uniform along the flow direction, and to ensure that
the damage due to erosien at the downstream exit is prevented. The hydraulic gradient
within the dam is close to the gradient of the free water surface of overtopped fiow,
except at the upstream and downstream regions of the dam. Some theoretical and
computational models to estimate the seepage flow were proposed by Li (1990).

1.3.2 Summary of Results on Seepage Flow

Power law was used in the studies. The relationship between velocity and hydraulic
gradient is derived as:

2 1/(1+b)

de™ gn*® _

v = g-b lll(2+b) (I_g)
av
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where
n = the porosity of a rockfill dam;
g = the gravitational acceleration;
d = average diameter;
a = coefficient which depends on the Reynolds number and can be determined
from Table I-1;
b = coefficient which depends on the Reynolds number and can be determined
from Table I-1;
e = the void ratio;

v = the Kkinetic viscosity.

The disadvantage of the above approach is that the range of Reynolds number in a
rockfill dam should be known before the determination of a and b. For prototype rockfill
dams, the seepage flow within rockfill is usually fully turbulent. Hence, ais 4, andbis 0
for prototype dams.

Detailed pressure distributions and seepage paths have been measured in physical
models. It was found that for unfinished rockfill dam, when the “crest” is very long
compared with the height of the dam, the average seepage gradient is approximately
that of the surface of the overtopping flow. This means that the seepage flow in the
unfinished rockfill dam can be estimated by 1-dimension empirical relationships. This
finding makes the design much easier.

Pulsating pressures were measured at the downstream slope of an overtopped rockfill
dam. Figure |-4 shows a set of results. It was found for the first time that:

(1) Pulsating energy is distributed in the frequency range: 0 ~ 10 Hz. The probability
density curve is close to the normal distribution.

(2) The pulsating pressure normal to the downstream slope may reach a maximum
value of about half of the upstream water head over the crest. The reason of this
phenomenon may be that the seepage flow is fully turbulent and that the interaction of
turbulent overtopping flow and turbulent seepage flow can have strong influence on the
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instability of the particle. For a safe design, the pulsating force should included.
Unfortunately this force was not accounted for in previous design methods.

.4 Prototype Observation

Prototype observation is an important method to check the design criteria obtained from
theory or/and from experiment Experience was obtained from the prototype
observation of the unfinished Xibeikou Concrete Faced Rockfill Dam overtopping in the
flood period of 1987 (Hu, et. al, 1988).

Xibeikou Concrete Faced Rockfill Dam is located in Yichang County in Hubei Province,
China. The design height of the dam is 5 m. During the construction, the dam could
not reach the required elevation to prevent overtopping. Hence a layer of large rockfill
was built at the downstream slope with a flat slope 8.2:1 tr: protect the flowthrough and

overtopping flow in the flood period in 1987 for a discharge of 1480 mS/s. The
approximate height of the dam under construction was about 17 m. A team was
organized by Gezhou Dam Engineering Board and Nanjing Hydraulic Research
Institute to conduct the prototype observation. The velocity, discharge, water level, free
surface curve, the deformation of the dam, seepage pressure, flow pattern, and stability
of rock particles at the downstream slope were measured.

On August 28, 1987, at 18:45, the upstream water level reached 265 m. At 20:10,
water start to flow through the dam. At 23:00, the surface of the unfinished rockfill dam
was almost all covered by water, and the upstream water level at the upstream
shoulder of the dam was 266.7 m, while the water depth above the crest was 2.67 m.
On August 29, 1987, at 2:00AM, the water surface level at the upstream shouder of the
dam was 266.4 m. At 6:00AM, the water level droped to 264 m, and there was no flow
over and through the dam. The observation of flow through and over the dam lasted all
evening.
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The maximum discharge through and over the dam was 62.3 m*/s. The deformation
settilement of the surface of the unfinished was found to be small. The water though
the dam was very clear; no rockfill material in the dam was found to be lost due to the
flow through and over the dam. No large rock particles at the downstream slope were
found to have been moved by the flow. The use of a very flat downstream slope and
large rock particles as a protection method was found to be successful. However from
economical point of view, the protection method was too conservative.

I.5 Conclusion

The research activities from 1986 to 1990 were concentrated on the characteristics and
physical modelling of flow through and over rocifill dams. The results were used in
unfinished rockfill dams, e.g., the Tianshenggiao Concrete Faced Rockfill Dam, and the
Xibeikou Concrete Faced Rockfill Dam in China. Most of the results which are useful in
small complete flowthrough and overtopped rockfill dam are presented in this Chapter
and also became an important background for this study at the University of Ottawa.
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Table 1 -1 Determination of Coefficients a and b

Re <10 - 10 ~100 100~420 420~3300 >3300
800 2.846 2.815 2.145 4
-1 -0.774 -0.776 -0.507 0
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Appendix Il Examples for the Design of Flowthrough
and Overtopped Rockfill Dams

This appendix presents detailed design and calculations for a realistic situation using
the methodology proposed in Chapter 8. it is assumed that the dam is small, and
detailed pore pressure distribution in the dam is not available.

i Geometry of the dam

The site selected is located approximately 1 km from Highway 210 in the Paradise
River basin in Newfoundland. The foundation comprises of hard rock with negligible soil
cover. Ample supply of rockfill required for the construction of the dam can be readily
available by opening a small rock quarry in the site. The average width of the valley
where the dam is located is 87.3 m. The width at the crest is also taken as 87.3m to
simplify the example. Hence, the design given here is for a two-dimension problem.
For 3-dimension design, the length of the dam changes along the downstream slope. In
this case, more calculations may be needed to calculate the distribution of unit-weight
discharge along the downstream slope. Two designs are given in this appendix.

In the first case, it is assumed that the downstream slope is protected by large size of
particles only. The height of the dam is 5.5m; the upstream slope 1.4:1, the
downstream slope is 3:1; the width of crest is 4m. Fig. li-1 shows the configuration of
the dam.

The apron at the downstream has a slope of 9.8:1. Details of the apron are shown in
Fugurg I-2.

For the second case, it is assumed that the dam is protected by steel mesh and steel

bars at the downstream slope. The height of the dam is again 5.5 m with both the
upstream and the downstream slopes inclined at 1.4:1. The crest width is 4 m (Fig. 1I-3).
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.2 Rockfill

For the main part of the dam, the size of rock particles is between 15 cm and 30 cm.

The average size is 22.5 cm.
The mean hydraulic radius is determined by Eq. (8-2):
R = 0.136*0.225 = 0.0306 m

1.3 Case 1: Design of the rockfill dam protected by large
particles only  (Figs. llI-1 and lI-2)

From hydrological analysis, the maximum stream discharge was estimated at 110 m/s.
The seepage flow through the dam may be calculated by the following steps:

(1) Average hydraulic gradient

By Egq. (8-3):
5.5 :
i = * (1) . : =0
o = 087 (1) (7.7 +4+05* 16.SJ 116
(2) Seepage discharge

The unit width discharge is calculated by Eq. (8-4):

1.58 * 0.4 * /9.8 * 0.0306*0.116 *5.5
0648m’/s /m

q.

Hence the total seepage discharge through the dam is determined by Eq. (8-5).
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Q,=q,L = 0.648(m°/s)*873m= 56.6m’/s
(3) Overtopping discharge
The discharge over the crest of the dam is given by Eq. (8-8):

Quex = Q- Q, =110m’/s-56.6m*/s = 53.4 m*/s
The unit-width discharge over the crest of the dam is given by Eq. (8-7):

Qen 53.4m®/s ;
= —— = e—— = .612

The upstream water head over the dam is calculated by Eq. (8-6):

= _q.L_.“m— % = ( 0.612 )% = 462
Ho {m o2 gJ 0.44 *1* 2 *98 0462m

The length of the downstream slope (without apron):

H 55
= = = 17.
ls sin & sin 18.4 4m

Assuming linear distribution of the seepage velocity out of the downstream slope,

qs _ 0.648
Ldslope 174

Veaw = = 0.0372m/s

The overtopping discharge along the downstream slope is

Q= Quest + Vsav * X5 * Lixs)
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where x, = the distance long the downstream slope from the intersection of crest and
downstream slope.

The unit width discharge over the slope is given by:

—_— L S
q = Qerest * Vsav | Xs

= 0.621 + 0.0372 x; (m?/s)

It is noticed that the discharge increases along the slope. As expected, the critical
section for the design is at the toe of the downstream slope.

(4) Design downstream siope protection by rock layer

With the design of the apron, there are two critical sections to be considered in the
design. One is at the toe (the slope is very flat as shown Fig.1l-2). The other is at the
height of 1.47 m (see Figs. -1 and 1I-2}.

In the design procedure described in Chapter 8, firstly estimate the average diameter or
rock particles by experience or Eq. (2-94) (here the latter is used). Then calculate the
safety factor of the slope FS by Eq. (8-14). If the FS is smaller than 1.5, increase the
average diameter and re-calculate FS until FS 2 1.5, The depth of the rock layer is
determined by Eq. (8-15).

For the section at the toe, the total discharge is exactly 110 m® /s, unit-width discharge
q = 110/87.3 = 1.26 m? /s. Assuming that the probability of a concentrated flow is high
(as the quality of the construction may not be very high), the concentration coefficient
is selected as 2.0 by Eq. (2-92). The unit discharge at failure by Eq. (2-91):

dr = <9
=2%126 = 252m’/s /m

The average diameter for the protection by Eq. (2-90):
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Dy, =0503* 0.102 °#2,52%%
= 0316m

At the height of 1.47m, that is, the intersection of the downstream slope with slope 3:1
and the apron with slope 9.8:1, the value of x; = 17.4 - 1.47 /sin 18.4 = 12.8 m. The
discharge is then calculated by:

q = 0621 + 0.0372 * 128

= 1.10m*/s/m

The unit discharge at failure by Eq. (2-91):

dr = Cq
= 2*1.10 = 220m*/s /m

The average diameter of the rock particles in the protection layer is given by:

D,,=0503* 0.102 **220°%
= 0.293m

The average size of protected rock particles should be larger than the above D size.
For the Paradise river, the available Ds, rockfill size is 0.32 m, which is adequate.

To check the safety factor against unravelling failure of the particles along the
downstream slope, Eq. (8-14) may be used. The following parameters are obtained for
use in Eq. (8-14).

}"b G'l 2.7 - 1

— = = =1.02.
Y i+e 1+ 0.667

k,=134, andk.=1 .
Jo = 0.102 at the tee of the apron, and J, = 0.333 at the intersection of the 3:1

slope and the apron.
a = 5.2 at the toe of the apron, and J, = 18.4 at the intersection of the 3:1
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slope and the apron.

dp = Dso/2=0.16 m.

@ = 45°,

By Eq. (8-10), Manning coefficient

n, = 0.0380D;y
= 0.0380 * 0.32"¢ = 0.022

' By Manning Equation for wide open channel:

35 . 35
At the toe, J;=0.102, b, = [q;‘Y = [MY: 0.231m. Velocity v=g/h
1, 01027

=1.26/0.231 = 5.45 m/s.

At the intersection of 3:1 slope and the apron, J; = 0.333,

%
qn,
h =
’ [L,%
3
1.10 * 0.022Y°
(e,
033372

Velocity v=g/h =1.1/0.149 = 7.38 m/s,
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The safety of the rock particles along the slope is given by Eq. (8-14). At the toe:

-J:'lcosa - (kg + kp)Jo(1+c)sina

2.2
cos @ 1o — +(kp+ ky)Jo(1+e)cos @ + L sin o
h™"d, Y w

102%cos 5.8~ (0.6+1) * 0.102* (1+0.667)sin 3.8

- 00222 5.45°
cos 4 ——m—— + (0.6+1) * 0.102* (1+0.667) cos 5.8 +102*sin 5.8
023113 =0.16

_ 101 - 0.027 _
0.707* (0.146 +0.271 + 0.103)

2.7

The above factor of safety indicates that with the use of the apron, the toe of the dam
has adequate stability.

At the intersection between the 3.1 slope and the apron:

Lo cos @ - (p + k) To(1+€) sin @
FS= w
COS?'[%’,% +ke*+ k)7, (1+e)cosa+y—"sina J
P w

102*cos18.4 - (0.6+1) * 0.333* (1+0.667) sin 18.4

B 00222 7.36°
45| ————— + (0.6+1) * 0.333* (1+0.66 184 +102*si 4
cos l0149lﬁ *0.16 © ) (1 7) cos 102*sin 18 J

_ 0.968 - 0.280 - 08
0.707*(0.309+0.843+0.032)

The above factor of safety indicates that the downstream slope from the crest to its
intersection with the apron is unsafe for overtopping flow. This slope has to be flatter
than 3:1. An alternative design may be to use a uniform flatter downstream slope, say
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5.5:1 (@=10.3° ) with the same apron. The calculation can now be repeated, as shown
below,

Assuming linear distribution of the seepage velocity out of the downstream slope,

Qe 0648
lagope  3-5/sin 103

Vsav =

= 0.0211m/s

Q = Qerest T Vsav T Xs
= 0.621 + 0.0211 * (3.5- 1.47)/sin 10.3

= 1.10m3lslm

At the intersection of 5.5:1 slope and the apron, Jo = 1/5.5 =0.182,

Vs
h = qnd

%

1.10 * 0. 3

= [——10 9/022] = 0.179m
018272

Velocity v=a/h =1.1/0.179 = 6.15 m/s.

L"—cosa - (ke + k) (I1+€)sina

W

w

FS=
cos @' % +ket k,)I, (1+e)cos +y—"sina
h™d, /4

102*cos10.3 - (0.6+1) * 0.182* (1+0.667) sin 10.3
0.0222 6.15°
0179"% *0.16

cos 45[ + (0.6+1) * 0.182* (1+0.667)cos 10.3 +102*sin 10.3 J

1.0-0.0868 _
0.707(0.203 + 0.478 + 0.182)

1.5
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If the required safety factor is 1.5, then the downstream slope is now safe.

The maximum size of the available rock particles for the protection layer Dqgg is 0.60 m.
Now the depth of the protection layer is determined by Eq. (8-15):

t, = max{1.5D,, Dy, }
= max{l.5 * 32, 60} =60cm

Now the design is complete.

It is easily to check from Olivier's formula Eq. (2-83) that the downstream slope is 5.2:1
when the discharge over and through the dam makes the slope critical as noted below:

57
{0.423 D7(G-1)% J
wrna = q

4,
0.423 * 032% *(2.7-1)% &
= — = 0.194

a = 10.99°. The slope is

0194 :1 = 52:1. Hence, the QOliver criteria is close to the

new design criteria presented in the report (in the unsafe side) for this design example.
it is also of interest to compare the results with Stephenson's criteria Eq. (2-88):
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D _ [ q., (tan a )71'6 nli6 IB
®1022¢"*[(1-nXG-1)cosa(tan ¢ - tan @ )]

[ 126(0182)"%04"¢ T
| 022*98"[(1-0.4)(2.7-1)cos103(tan 45-0.182)]™" J

s %
0148
\0.496) =0446m

It is noticed that Stephenson’s expression give the highest requirement for the size of
the rock particies for this example. It should be kept in mind that only in our criteria and
Stephenson’s criteria, the seepage force is considered, The pulsating force included in
the present criteria is the first ime that the stochastic behaviour of the fluid field has
been considered.

1.4 Case 2: Design of steel mesh protection along the
downstream slope (Fig. 11-3)

From the hydrological analysis, the maximum discharge was 110 m°/s. The seepage
flow through the darn may be calculated by the following steps:

(1) Average hydraulic gradient

By Eq. (8-3):
55 :
H = * 1.4 M B =
e = 087 (1) (7.7 + 4 +05* 7.7) 0.168
(2) Seepage discharge
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The unit width discharge is calculated by Eq. (8-4):

1.58 * 0.4 * /9.8 * 0.0306*0.168 *5.5
0.780m*/s /m

q.

Hence the total seepage discharge through the dam is determined by Eq. {8-5):
Q,=q,L = 0.78(m*/s)*873m= 68.1m’/s

(3) Overtopping discharge

Hence the discharge over the crest of the dam is given by Eq. (8-8):
Qu=Q.,-Q =110m*/s-681m’/s = 419 m’/s

The unit-width discharge over the crest of the dam is given by Eq. (8-7):

= 0480m’/s /m

The upstream water head over the dam is calculated by Eq. (8-6):

°* lmoy2g 0.44 * 1*42 *9.8

The length of the downstream slope:

H 5.5
I.= = = 946
“  sine sin 35.5 o

Assuming linear distribution of the seepage velocity out of the downstream slope,
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0.780
Veay = I - = 0.082m/s

lagope 946

The unit width discharge over the downstream slope is given by:

q = Qerest + Vsavr ¥ Ns

= 0.480 + 0,082 x, (m> /s)

As q increases along the slope, the criticai section for the design is located at the toe of
the downstream slope. At the toe, the unit-width discharge:

_ 10m’/s

= 2 3
373 m 126 m° /s /m

S * ” 35
Jo=111.4=0.714, h, = {q;"]y = (&_c;o_z_]: 0.129m.
1~ 0714%

0

Velocity v=g/h =1.26/0.129 = 9.79 nv/s.

The volume of an average rock particle is given by is:

V. =

; D}, = 2 *314% 0225° = 0.00596 m’

6

|~

The required shear force on one particle is calculated by Eq. (8-17):
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nav? [kt-‘ + kp] Jo(1+e)cos (a - ¢)+§-"-sin(a -9)

S=r.V + U
F N cos @

= 9800 (kN / m’) *0.00596 (m*) *
{0.02229.792 N (1+0.6) *0.714*(1+ 0.667) cos (35.54-45 )+ 1.02sin (35.54 - 45) }

0129'3 cos 45

1.878-0.168
— > =35841*251=1466k
0.707 } 3841*%251 =1466 kN

= 58.41{0.0917+
The size of the steel mesh should be larger than the size of the smallest rock size in
the protected layer. Here the mesh size is selected as 20 * 30 em® (i= 20 cm, l,=30

cm). The area of the steel in the mesh along the slope per unit width, an, is determined
by Eq. (8-18):

oDy
_ 15+ 146.6
137.2*1000*0.32

= 0.005009 m* = 5009 mm*

The number of vertical strands of the mesh per meter length of the slope is 1/0.2=5.

4 3
7 *5009/5) = 28.0 mm. If the mesh size is 15*20

The diameter of the mesh is [

cn (b= 15 cm, |, = 20 cm). The diameter of the mesh is now

%
.14 500
[3 4"‘ 9] = 243 mm.

4 s
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To conduct the slope stability analysis, the detailed distribution of shear stress along
the downstream slope and hence the surface curve of the spatially varied overtopping
flow are required. Here the method provided by James and Sharp (1963) and
demonstrated by Hansen (1992) are used.

The unit-width discharge at the intersection between the crest and the downstream
slope was calculated in the previous section (I.4) as Ques = 0.48 ms. The related
critical depth is caiculated as:

: 0.48:
h, = R]Fé— = 11’"9_3" = 028 m  (q: unit width discharge, here q = Gerset)

The water depth at the intersection between the crest and the downstream slope is
calculated by the “brink depth” defined by Henderson (1963) as:

h, =0.715h, =0.715%0.286 = 0204 m

The calculation procedure in Hansen (1992) is used (which is essentially from Chow,
1889). In the latter, very detailed standardized steps were listed. The result is shown in
Table II-1. Egs. (8-10), (8-11), and (8-12) are used in Table lI-1. Since the flow at the
crest is not turbulent, a value of Manning coefficient ny smaller than that (0.022 in this
example) in fully turbulent flow should be used in the design. Similar to Hansen (1991),
this value of the Manning coefficient is used as 0.015 in this example. From a value of
0.015 at the crest, nq increases along the siope until it reaches the value of 0.022 at the
toe.

The downstream slope is then divided into 11 slices (Fig. {I-4). Detailed information and
calculation are listed in Table 1I-2. Egs. (8-19), and (8-20) are used in the calculation.
The maximum stress of the stress distribution of anchoring bars at the base of the dam
is calculated in Table II-2 és: =97934 N/m. Hence by Eq. (8-22),

L
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Assuming that the heights of the locations of steel bars in the slope are 0, 1.0 m, 2.0 m,
3.0m,40m, 5.0m,

At the bottom, y = 0,
By Eq. (8-21), the required anchor force for anchor 1 is:

B, = (Ymp - Ymm)[H-W}ane =

S5+0
= (05 - 0)(5.5-05—,_)—}17806 = 46740 N

Assume that the friction angle between steel bar and rockfill is alsc 45°. The effective
shear stress is determined by Eq. (8-24):

-+ m 05+0 -
o‘n' =[H_yi-j£—]yb = (S_S- n j *10000 = 532500 N/m"~

The free length of the anchor with diameter d = 0.04m is given by Eq. (8-23):

B, _ 46740
rdo,ang'  3.1416*0.04*52500*1

I, 2 = 7.08m

A similar calculation can be conducted to estimate the length of anchor at each
locations.

.5 Discussion

Two detailed design examples have been presented for a real situation using the
methodology proposed in Chapter 8. It is assumed that the dam is small, detailed pore
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pressure distribution in the dam is not available, and the downstream water level is low.
For medium-height and high dam, it is advisable to conduct the finite element analysis
of the non-Darcy flow within the rockfill dam by the method developed in Chapter 6 to
obtain the detailed value of the hydraulic gradient of the seepage flow for the design.
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55m

4m 16.5m >

Protection Layer

]
1

1.47 m

282m

Figure Il-1 An overtopped rockfill dam protected by large particles

Figure [I-2 Apron of the overtopped rockfill dam protected by large particles
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K 7.7 m P 4m i< 7.7m >
vy Protected by mesh
£
[Tl .
W porosity n= 0.4 Steel bar

dgo= 22.5 em

|
< 184 m

Figure ll-3 An overtopped rockfill dam protected by steel mesh and steel bars

0.55m radius=9 m

Figure 11-4 Description of dividing the slices at the downstream slope
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Appendix Il  Case Studies

This appendix compares the factor of safety of the downstream slope as provided by
equations derived in Chapter 7 to field experience.

.1 Xibeikou Concrete Faced Rockfill Dam (1987) (downstream
slope protected by rock particies)

The profile of the downstream the Xibeikou dam is shown in Figure llI-1 (Hu, 1988).
The field observation is described in Chapter 5.

From the field measurement, the downstreamn seepage-exit depth is 2.3 m, and unit
discharge q is 9.51 m%s/m. Hydraulic gradient i = 1/8.2 = 0.12.

From Egs. (8-4) and (8-2):

h = 01 =22m

158 * 0.45 * (9.8*(0.136*0.65) * 0.12)°°

The water head at the upstream slope (measured from the bottom of the dam):

At the toe of the dam, from Hansen (1992, pp. 154 & pp.325):

1 h il 23 I
Fry = —[Illo —°]+12] =1 —f] #12| =22
4 H 4 45

1 ]
2 5 2 V3
Yo = | -5 - | 22! = 0.18m
Frog 227 98
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Then velocity at the toe can be calculated as:

By Eq. (8-10):

ng = 0.058dsp/6 = 0.038x0.656 =0035

Void ratio of the slope (from Lamb and Whiteman, 1979):

From Eq. (8-14):

0.94 cos 7°- (0.6 +1)0.12 (1+0.818) sin 7°
0.035% x 2.83°

cos 45° + (0.6 +1)x0.12 x (1+0.818) cos7° + 0.94 sin7°

0.2% x 0.325

0.933 - 0.042 46
0.707[0.052 + 0346 + 0.114]

Hence the safety factor FS = 2.46 >> 1.5. The Xibeikou Dam is safe (this is also proved
in the field observation). It is very conservative for the flowthrough condition.

1.2 Hell Hole Dam (1964)

The profile of the downstream the Hell Hole Dam is shown in Figure lll-2.

From the data provided by Leps (1971), seepage discharge is 537.7 m*/s. The shape of
the notch is shown in Fig. l1l-3.
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Unit discharge at the top of the notch:

Considering the flow concentration (due to the shape of notch):

Qmax

=2%q,=2%42m°/s/m = 84m>/s/m

From the field measurement, the downstream seepage-exit depth hy is 17.7 m, and hy =
47.2 m. The hydraulic gradient i = 0.15 (from field measurement). The water head at

the upstream slope H = 73 m. The void velocity is V,

At the toe of the dam,

177
—_— 72
—[111 g( +1 } —{lllog(”z
2 13 342 ]3
vo = | —% = | == =129m
Fr'g 183° 98

The velocity at the toe:

v Yo 129 6.5lm/s
By Eq. (8-10)

|
ng= 0.038dsolb = 0.038%03%6 =0031

¥b _ G-1  27-1

= = =0.971
Yw l¥e 14075 ®
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From Eq. (8-14):
0.971 cos 26.6° - (0.6 +1) 0.15 (1+0.75) sin 26.6°

FS =
w12 e =2

cos 45° 9‘0"—11}9& + (0.6 +1)x 0.15 x (1+ 0.75) c0s26.6° + 0..71 5in26.6°
2973 x0.15

- 0.868 - 0.188 091
0.707 [0.249 + 0376 + 0.435] ~

Hence the safety factor FS = 0.91 << 1.5. The Hell Hole Dam is not safe (this is also
proved in the field observation). The failure was observed from the toe and sliding and
removal of rock had progressed from the toe up to the crest (Leps, 1973). This failure
mechanism is the same as observed in our experimental studies at NRC Hydraulics
Laboratory.

It is of interest to comment on the influence of the pulsating force. If the pulsating force
is not considered in the calculation, the safety factor is calculated as (from Eq. (8-14)):

0.971 cos 26.6° - 1 x0.15 (1+0.75) sin 26.6° ,
0.031% x6.51° ]

cos 45° + 1x0.15 x (1+0.75) cos26.6° + 0.971 5in26.6°

1
1.29/3 x 0.15

0.868 - 0.118 0.750

0.707[0.249 + 0.235 + 0.435] 0650

This result shows that the failed Hell Hole Dam had the safety factor of 1.2 for the field
condition. This data shows that without the consideration of the pulsating force in our
design expression, a false prediction of the safety factor may be obtained for the
stability of the downstream slope of a flowthrough and overtopped rockfiil dam.

By Olivier's method (from Eq. (2-83)):

3 nsg % )%
o= [0_423 dso/z (G l) 3 ]y _ [0.423 x0.3 (27 l) r = 0.055

q 34
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The required slope is 18:1, which is much flatter than 2:1. Not safe.

By Abt's method, the diameter of rock particles required to protect the downstream
slope is (from Eq. (2-90)):

. P43 )
dsg = 0503199 q ., 0% = 0,503 [;] 849% = 123m

Hence the required diameter at the slope is much larger then the diameter in Hell Hole
Dam. The dam is not safe.

.3 Pit 7 Afterbay Dam

The profile of the Pit 7 Afterbay Dam is described as in Figure -4,

For the stability analysis purpose, the profile of the downstream can be simplifies as in
Figure lII-5.

rrom the field observation, the hydraulic gradient was observed to be nearly as steep
as the downstream face, i.e., iz = 0.44.

Total discharge

Quowm = 5000 cfs = 141.5m> /s
and the flowthrough discharge
Quecp = 2200 cfs = 623m° /s

The void ratio:

Overtopping flow from the crest:
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Qover = Qo = Queep = 141.5 - 623 = 79.2m* /s
The length of the crest is 500 ft, i.e., 15.2 m. Hence, the unit overtopping discharge:

Qover . 792m/s

: - 521m°/s/m
152m 1532m

Qover =

and the unit seepage discharge:

Quep _ 623m°/s

= 410 msfslm
Usesp = 152 m 152m

The length of the downstream slope is 16.94 m. The increasing rate of overtopping
discharge along the downstream slope is:

2 3
4Q _ Qe _ @23m7/s _555/0/m
dx 1694 m 1694 m

yp G-l _ 27-1

— = = 8"’

Yw l+e 1+1

The critical water depth at the crest is (Henderson, 1966, pp. 36):

2 5217
b, = 3jover 3 = 14m
g 938

At the toe, the Manning coefficient (from Eq. (8-10)):

ng = 0.038ds,’% = 0.038x00508% = 0023

The calculation procedure in Hansen (1991) is used (which is essentially from Chow,
1959). In the latter, very detailed standardized steps were listed. The result is shown in
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Table llI-1. Egs. (8-10), (8-11), and (8-12) are used in Table 1ll-1. Since the flow at the
crest is not turbulent, a value of Manning coefficient ny smalier than that (0.023 in this
example) in fully turbulent flow should be used in the design. Similar to Hansen (1981),
this value of the Manning coefficient is used as 0.015 in this example. From a value of
0.015 at the crest, ng increases along the slope until it reaches the value of 0,023 at the
toe.

The downstream slope is then divided into 11 slices (Fig. 1il-6). Detailed information and
calculation are listed in Table -2, Assuming that the safety factor of the slope is
FS=1.5. The t required calculated from Table Ili-2 is 84824 N/m. Hence, the required
horizontal resistance force is {from Eq. 7-49)):

1 1
ZB; = St = 84824 %6388 = 201,794 N = 291 KN

The resistance force provided by each steel bar is calculated by the following formula
which is alternative form of Egs. {(8-23):

B, = nd;G,mane';
where

d = the diameter of the anchor bar [;
i = the length of the anchor bar where resistance is provided;
¢' = the friction angle between steel bar and rockfill: and

on = the vertical effective stress at the depth of anchor bar.

Calculations give the total resistance force provided by the anchors inside the slope as
301 KN which is larger than the required value of 291 KN. Hence the safety factor of
the slope is approximately 1.5. It is noficed that the upper part of the dam was
protected by the anchor bars connected together, the actual safety of factor of the dam

should be higher than the value calculated here. Field observations show that the dam
is safe.
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0.4 Conclusion

The case studies show that the design methodclogy developed in the thesis is
appropriate and the results obtained by the methods comrespond to the real situation in
the field studies.
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8.2:1

n=0.45

CQ) dgz 065 m

n=0.43

e=0.75 d=30.5cm  h,

26.6°N
Y

Figure llI-2 Profile of Hell Hole Dam (1964)

420 ft (128 m)

160 ft

Y
Figure lli-3 Shape of the Notch at the Hell Hole Dam
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porosity n = 0.5
.-5'.\
d5°= 5.08 cm

Figure [ll - 4 Profile of Pit 7 Afterbay Dam
ke 13.76 m ﬁ<6.1 m_ e 1548 m >}
K3 X 0.86 m Protected by mesh
\L/
E —_
g porosity n = 0.5 Qé'r Steel bar
o {diameter 30 cm
dego= 5.08 cm
o
24 ?\
|
35.34m o

Figure lll - 5 Simplified Profile of Pit 7 Afterbay Dam
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Figure lll-6 Slices at the downstream siope
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