CHAPTER 112

Permeability characteristics of rubble material - New formulae
Robert W K Shih?
1 Introduction

Rubble mould structures have been used extensively to protect
coastal areas of human interest. These include breakwaters,
seawalls and related structures. To be successful, a rubble mould
structure should absorb most of the energy from the incident waves
and be able to withstand the pore pressures generated during the
process, These are determined by the geometry of the structure
and the hydraulic properties of rubble.

Advances in computer resources enable the interaction between
waves and rubble structures to be simulated numerically (Ref 1, 2
and 7). The general approach is to describe the porous medium as
a continuum, having properties of dimension, porosity and
permeability. The flow of water into and through such a porous
continuum may then be described, depending upon the velocities and
pore pressures induced. In physical hydraulic modelling of
coastal structures various researchers (Ref 5) have considered the
importance of permeability characteristics on the scaling of
porous rubble core material. Similitude is usually achieved by
selecting a model material, of prototype porosity, which yields a
comparable hydraulic gradient to the prototype when subjected to
an equivalent Froude scaled flow velocity. Both the numerical and
physical methods of modelling, however, require a good description
of the energy dissipation process which is related to the
permeability of the structure. At present, most modellers use
formulae which were originally developed for flows in sand. That
proposed by Engelund (Ref 4) has been most widely used.

Engelund's formula is expressed in the Forchheimer form which
describes the hydraulic gradient (i) in laminar, transitional and
turbulent conditions by: i = au + bu? (Eqn 1) where u is the
superficial velocity. The dimensional coefficients a and b are
generally referred as the laminar and turbulent coefficients
respectively, and are given in terms of particle diameter (D) and
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sample porosity (n):
a=a, (1-n)3 —g‘ng—Dg— , b= BO gl}l_g (Eqn 2)

with appropriate coefficient values:

(i) uniform spherical particles ay = 780, B, = 1.8;

(ii) uniform rounded sand grains a, = 1000, B, = 2.8;

(i1i) irregular angular grains a, up to 1500 or more, B, up to 3.6
or more

It should be noted values have been derived for aj and B,
for materials with diameters much less than 10mm. Large
uncertainties are involved when applying these values to rubble

materials which have diameters up to or greater than Ilm.

The research work presented in this paper is part of a
comprehensive study on the hydrogeotec!: i<al performance of rubble
mound breakwater. It aims at providing = better insight into the
permeability properties of porous media, particularly as they
influence the wave/structure interactions. Extensive literature
review on previous experimental works and methods of analysis and
implementation has been carried out and presented in Ref 8, Based
on the review, a new permeameter has been designed, and used to
test samples with wide ranges of size and grading under a wide
range of flow conditions. Analysis on the results have indicated
the inadequacy of the existing formulae and new formulae are
proposed in this paper. Results from this study will be
implemented in the numerical models which are being developed in
parallel,

2 Permeameter design

During the design of the permeameter which was constructed
especially for the present study, the following points were
considered:

(1) The main body should be sufficiently large to test material
of characteristic diameters up to 50mm. It has been
suggested that the permeameter diameter should be at least
ten times the diameter of the largest material to be tested
(Ref 3),

(ii) The design should minimise the potential of air entrainment
in the material sample.

(1ii) The water supply should be capable of generating a flow
velocity through the sample of at least 0.1 m/s.

(iv) The measured pressure head loss should be representative of
the complete sample cross-section.

(v)  The sample should be constrained to retain constant porosity
throughout a test without significant dilation or loss of
fines.

(vi) The inflow velocity should be measured precisely.

(vii) The system should be capable of reproducing and measuring
hydraulic gradients in the range 0.0l to 5.
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It was decided that a bottom water entry would be most
appropriate. This would allow the majority of air entrained in
voids between particles to be eliminated by running water through
the system for a few minutes before commencement of the test.

The final design solution is presented in Figure 1. The
permeameter is cylindrical in shape with overall height and
internal diameter equal to 1.45m and 0.6m respectively. Flexible
PVC tubes 9mm in diameter were used to allow measurement of a
representative pressure head loss at a separation of 0.5m across
the entire sample cross-section. Rigid perforated steel plates
were incorporated to contain the sample at top and bottom. Water
was pumped through the permeameter, initially through a 0.3 metre
baffled inlet section, and allowed to flow freely over the upper
rim. The system was operated up to a flow velocity of
approximately 0.1 m/s. The pumped water was flow gauged using an
orifice plate meter in the supply pipe. The discharge water from
the permeameter was allowed to drain back freely into the
reservoir, within which the pump intake was located, thus

providing continuous water cycling.
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3 Testing procedure

The testing procedure is represented by a flow chart in
Figure 2. Details of each process are given below.

— N

Assembly of Permeameter
Fixing of Tappings
Preparing of Sample

Laading of Sample

Flow Velocity(k)

Taking Measurement
for

Sample(i) at Porosity()) and Ftow Velocity(k)

Fig.2 Flow chart for the test procedures

Assembly of the permeameter

Before the permeameter was assembled, it was necessary to
ensure that areas such as the flanges, gaskets and bolt holes at
the interfaces among the chamber, the perforated base plate, and
the base stand, were free from particles.

The perforated base plate was first connected to the chamber
hoisted by a gantry. This was done with four 15mm diameter bolts
passing from the bottom flange of the chamber into threaded holes
in the base plate. This partly assembled permeameter was then
hoisted over the top of the base stand. It was lowered down such
that the four prefabricated holes on the flange of the chamber,
the base plate, and the base stand all lined up with one another.
Four 15mm diameters bolts were used to pass through these holes
and tighten the three different parts together. The permeameter
was then filled with water to check for leakage,

Fixing the tappings

Pressures were measured at two levels, 0.5m apart, inside the
permeameter. At each level, the measurement arrangement consisted
of a pair of tapping tubes running perpendicularly across the
inside diameters of the permeameter. These tubes were made of
flexible PVC tubes 9mm in diameter, with perforations at 40mm
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intervals. The open ends of these two tapping tubes were
connected outside the permeameter via a looped PVC tube. The
gingle outlet from this looped tube was connected to a manometer
to provide a representative measurement of pressure at that
particular level.

Preparing of samples

The main samples used in the tests were generally limestone
with density equal to 2.76 gm/cm3, Before use each samples was
sieved to produce the required size bands. They were then washed
to eliminate fine material which might be washed away during the
test, and hence affect the porosity.

Loading of gamples

Samples, in small quantities, were carefully loaded into the
permeameter. The weight of each sack was recorded so that the
total quantity in the permeameter could be determined.

Porosity of the test specimen

Before starting a new series of tests, water was pumped
through the sample for 10 minutes at the highest discharge to
allow natural settlement to take place. The porosity obtained at
the end of this period was defined as the highest porosgity that
the sample could achieve.

Lower porosities were obtained by compacting the sample with

a vibrating poker. This was done by following the procedure

below.

(1)  The permeameter was filled with water up to the top surface
of the sample.

(ii) A fixed amount of material was added onto the surface and
smoothed by hand.

(iii) The vibrating poker was used until the water surface just
covered the samples.

In cases of high porosities, the poker was only required to
be inserted to a depth of about 150mm at two locations. As the
samples became more compact, the poker had to be inserted to a
greater depth and at more locations. In general, six to eight
different porosities were achieved in a serieg of tests.

Porosity measurements

Porosity was calculated from the weight of the samples
loaded, the gross volume of the samples when stabilised, and the
specific gravity of the samples.

Flow conditions
For each porosity, up to nine different flow rates were used,
increasing regularly from approximately 0.01 m/s to 0.10 m/s.
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4 Test conducted

The test samples were produced as a range of single size
classes and mixtures derived from them.
class was initially referred to by its nominal upper sieve

size, generally significantly greater than either D;5 or Ds,
which are the diameters of the sample that 15% and 50% of the

sample exceed (see Tablc 1),

Each gingle size

Nominal Size Dis Dsg Dgs
(mm) (mm) (mm) (mm)
4 1.49 2.13 2.76
6 4,94 5.42 6.26
10 7.22 8.65 9.74
14 9.35 10.87 12.40
20 12.72 14,65 17.39
28 19,28 21.77 24,58
40 27.61 33.23 37.77
61 54,50 63.00 73.80
Table 1 Single size samples

As quarried rock is more likely to exhibit a "gradual” size

grading curve.

This is illustrated by Kobayashi et al based on

available field data (Ref 6) who describe prototype gradings

falling in:

1.24 < (Dso/D35) < 2.0
1.24 < (Dg5/Dse) < 1.8
1.54 < (Dgs/D;y5) < 3.6

To study the
of samples within

effect due to both the
the mixture, a series of tests were carried out

'gize' and

'distribution’

on graded samples (see Table 2).
Mixtures Dys Dso Dgs [Dso/Dis|Das/Dso|Des/Dys
(Nominal dia. in mm)|{ (mm)| (mm)| (mm)
6,10,14 4,091 8.20|11.77| 2.00 1.44 2.88
6,10,14,20 4,43 9,77|16.70| 2.21 1.71 3.77
6,10,14,20,28 4,76(11.59(22.50| 2.43 1.94 4,73
6,10,14,20,28,40 5.70(14.02129.24| 2.46 2.09 5.13
10,14,20 8.04111,59]17.60( 1.44 1.52 2.19
10,14,20,28 8.50(14.02123.62] 1.65 1.68 2,78
10,14,20,28,40 8.97117.29|30.17| 1.93 1.75 3.36
14,20,28 10.66117.29(24.75| 1.62 1.43 2.32
14,20,28,40 11.51§20.59(31.10| 1.79 1.51 2.70
20,28,40 16.99124.38(32.10| 1.43 1.32 1.89
Table 2 Wide graded samples
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The gradings of the graded sample were chosen based on the
following criteria.

(1)  Each mixture should contain at least three different sizes
of materials.

(1ii) Sizes of materials should be increased gradually.

(iii) Ratios of (Ds¢/D1s), (Dgs/Dsoe) and (Dgs/Dys) should cover
the ranges observed in the field data.

5 Analysis of test results

5.1 Single size samples

In considering the large amounts of data produced, it proved
to be convenient to describe the flow/resistance relationship for
each test in terms of the Forchheimer equation (Egn 1) with
coefficients a and b initially represented by the expressions
proposed by Engelund (Eqn 2). A simple assessment of the
dependence of coefficients a, and Bo on the particle sizes was
carried out. Regression anafysis was performed depending on the
particle sizes (Eqn 3).

i gDi%s n? 1 ubD, ¢
T U (T %ot Bo mrTmy T ¢ o) (Eqn 3)

Good linear relation was observed (see Figs 3a to 3g).

The laminar constant (a,) was fbund to increase in proportion
to Dis. Its lower limit coincided with the upper limit suggested
by Engelund (see Fig 4a). The turbulent constant (B,) was found
to decrease exponentially with D;; (see Fig 4b). These results
suggest that Engelund's expressions for a and b will need to be
modified to represent flow in material larger than 10mm. At its
simplest this may be given for formulae for o, and B .

The permeability relationship for single size materials is
therefore given by i = au + bu?, where i = hydraulic gradient,
u = superficial velocity and

273 -n3
173 _
b={ By +B,exp By (—57) st]}—(—ln—?l ﬁ
where (Egn 4)

n = porosity
a, = 1683.71, a, = 3.12 x 10-3
By = 1.72, B, = 1.57, By = -5.10 x 10-3
u = kinematic viscosity of water = 1.14 x 10-5 m2/s
g = gravitational acceleration = 9.81 m/s?

Good agreement was obtained between observed and predicted
hydraulic gradients, Fig 5.
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Fig.4 Dependence of 0., and [30 on particle diameter Dy
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The permeability relationship for wide graded materials is
therefore given by:

i = au + bu?

where

i = hydraulic gradient, u = superficial velocity
and

273 -3
a=[a1+a2(—%7) Dy ] “(ln-gl—'l”‘g‘“])iz
173 -
b= (By+Brexp [ By () "0yl M5 o
D "']..].1 D 0.52
_ 15 50

Di = D1s( 5,2 (5,7 (Eqn 6)
where )

n = porosity

a; = 1683,71, a, = 3.12 x 10-3

B, = 1.72, B, = 1.57, By = -5.10 x 10-3

u = kinematic viscosity of water = 1.14 x 10-6 m2/s

g = gravitational acceleration = 9,81 m/s?

Good agreement was obtained between observed and predicted
hydraulic gradients Figure 7.

Fig.7 Comparison between i(obs) and
i(pred) for wide graded materials
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