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CHAPTER 3

Soil Mineralogy

3.1 INTRODUCTION

Although it is not possible at the present time to
express the engineering properties of a soil quantita-
tively in terms of composition, a knowledge of soil
mineralogy is essential to a fundamental understand-
ing of soil behavior. Mineralogy is the primary factor
controlling the size, shape, and physical and chemical
properties of soil particles.

The solid phase of a given soil may contain various
amounts of crystalline clay and nonclay minerals,
noncrystalline clay material, organic matter, and pre-
cipitated salts. The inorganic, crystalline minerals
comprise by far the greatest proportion of the solid
phase in most soils encountered in engineering prob-
lems, and the amount of nonclay mineral is usually
considerably greater than the proportion of clay min-
erals present. However, the clay may influence be-
havior to an extent much greater than in simple
proportion to the amount present.

The term “clay” is sometimes ambiguous. When
used as a particle size term, it refers to all constit-
uents of a soil smaller than some given size, usually
2 pm. As a mineral term it refers to specific minerals
termed the “clay minerals”. Clays are small crystalline
particles of one or more members of a small group of
minerals. They are primarily hydrous aluminum sili-
cates, with magnesium or iron occupying all or part
of the aluminum positions in some minerals, and with
alkalis (e.g., sodium, potassium) or alkaline earth
(e.g., calcium, magnesium) also present as essential
constituents in some of them (Grim, 1962, 1968). Not
all clay mineral particles are finer than 2 um (or
whatever boundary may be chosen to define a clay
size) nor are all nonclay minerals coarser than 2 gm.
Thus, the amounts of clay size and clay mineral in
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any soil may not be the same. To avoid confusion, it
1s best to use clay size when referring to compositions
in terms of particle size and clay mineral content or
simply clay content when speaking of mineral com-
positions.

The physical characteristics of cohesionless, nonclay
soils are determined mainly by particle size, shape,
surface texture, and size distribution. The mineral
composition is of importance primarily as it influ-
ences hardness, cleavage, and resistance to chemical
attack that determine these characteristics. By and
large, however, the nonclay particles may be treated
as relatively inert materials whose interactions are
predominantly physical in nature. Convincing evi-
dence in support of this has been obtained recently
through study of the properties of lunar soils. Soils on
the Moon have a silty, fine sand gradation, but their
composition is totally different than that of terrestrial
soils. The engineering properties of lunar soils and
terrestrial fine sands are remarkably similar, however.

The clay minerals occur in particles of such small
size that physico-chemical interactions with each other
and with the water—electrolyte phase of a soil may be
great. The clay phase may exert an influence on
physical properties far exceeding its relative abun-
dance in the soil.

The small size of clay particles precluded study of
details of their structure prior to development of
X-ray diffraction methods. Since then the study of
clay minerals has been very extensive, aided in addi-
tion by the development of such techniques as elec-
tron microscopy, differential thermal analysis, and the
electron probe. A large number of different clay min-
erals have been identified on the basis of composition.
On the basis of structure, however, these minerals fall
into a relatively small number of groups, and, fur-



thermore, only a limited number of the different min-
erals are found with a significant abundance in the
soils commonly encountered in engineering practice,

3.2 NONCLAY MINERALS IN SOILS

The gravel and sand fractions as well as the bulk
of the silt fraction of a soil are composed of nonclay
minerals. As soils are the products of the breakdown
of pre-existing rocks and soils, they represent products
of weathering. It would be expected, therefore, that
the predominent mineral constituents of any soil
would be those that are one or more of the following:

1. Very abundant in the source material.

2. Highly resistant to weathering, abrasion, and
impact.

8. Weathering products.

The clay minerals are generally derived from
weathering of pre-existing materials. The predomi-
nant nonclays, however, are usually rock fragments or
mineral grains of the common rock-forming minerals.
In igneous rocks, which represent the original source
material for many soils, the most prevalent minerals
are the feldspars (about 60 percent) and the pyroxenes
and amphiboles (about 17 percent). Quartz accounts

, for about 12 percent of these rocks, micas for 4 per-
"cent, and other minerals for about 8 percent,

In most soils, however, the most abundant nonclay
mineral by far is quartz, with small amounts of feld-
spar and mica sometimes present. The pyroxenes and
amphiboles are seldom found to any significant ex-
tent. Carbonate minerals, mainly calcite and dolo-
mite, are also found in some soils and occur as bulky
particles, shells, precipitates, or in solution. Carbo-
nates may dominate the composition of some deep sea
sediments. Iron and aluminum oxides are abundant
in residual soils of tropical regions.

Quartz is composed of silica tetrahedra grouped in
such a way as to form spirals, with all tetrahedral
oxygens bonded to silicon. As discussed in Chapter 2,
the tetrahedral structure has a high stability. In addi-
tion, the spiral grouping of tetrahedra produces a
structure without cleavage planes, quartz is already an
oxide, there are no weakly bonded ions in the struc-
ture, and the mineral has a high hardness. These fac-
tors account for the persistence of quartz in the non-
clay fraction of soils.

In the case of the feldspars, Marshall (1964) states:
“The predominance of the feldspars among minerals
of the lithosphere* makes their disappearance by

J* The solid part of the earth.
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weathering quantitatively the most important chem-
ical reaction since solidification of the earth's crust.”
The feldspars are silicate minerals with a three-dimen.
sional framework structure wherein part of the silicon
is replaced by aluminum. The excess negative charge
resulting from this replacement is balanced by cations
such as potassium, calcium, sodium, strontium, and
barium. As these cations are relatively large, their
coordination number is also large. This results in the
tormation of an open structure and low bond
strengths between units. As a consequence, there are
cleavage planes, the hardness is only moderate, and
feldspars are relatively easily broken down, which
accounts for their lack of abundance in soils as com-
pared to their abundance in igneous rocks.

Mica has a sheet structure composed of tetrahedral
and octahedral units. Sheets are stacked one on the
other and bonded primarily by potassium ions in 12-
fold coordination that provide an electrostatic bond
of moderate strength. In comparison with the bonds
within layers, however, this bond is weak, thus ac-
counting for the perfect basal cleavage of the micas.
As a result of the platy morphology of mica plates,
sand and silts containing only a few percent mica
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Fig. 3.2 Photomicrographs of sand and silt particles from
several soils (4) Ottawa standard sand (Courtesy K. L. Lee).
(b) Monterey sand (Courtesy K. L. Lee). (¢) Sacramento River
sand. (d) Eliot sand (Courtesy K. L. Lee). (¢) Lunar soil mineral
grains (Photo Courtesy Johnson Space Center). Squares in back-
ground area are 1 X I mm. (f) Recrystallized breccia particles
from lunar soil (Photo Courtesy Johnson Space Center). Squares
in background grid are 1 X 1 mm.

may exhibit both high compressibility and large =~ Examples of silt and sand particles from different
swelling during unloading, as may be seen in Fig. 3.1 natural soils are shown in Fig. 3.2. Such particles can
for coarse-grained mixtures of sand and mica. be classified in terms of angularity or roundness.

The crystal structures and compositions of the Figure 3.3 shows one system that has been used for
amphiboles, pyroxene, and olivine are such that they  this purpose. Elongated and platy particles in-soils
are rapidly broken down by weathering; hence, they can give rise to preferred orientations, which, in turn,
are absent from most soils. can result in anisotropic mechanical properties.
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Figure 3.2 (continued).

Another characteristic that inluences mechanical be-
havior is the surface texture.

3.3 STRUCTURAL UNITS OF THE LAYER
SILICATES

The clay minerals that are commonly found in
soils belong to the larger mineral family termed
phyllosilicates, which also contains other layer silicates
such as serpéntine,‘ pyrophyllite, talc, mica, and chlo-
rite that are themselves considered clay minerals by
some when they occur in the clay-size fraction of a
soil. The clay minerals usually occur in small particle
sizes, and they ordinarily have unit cells with a resid-

ual negative charge. Most clay minerals exhibit plas-
ticity when mixed with limited amounts of water, and
they have relatively high resistance to weathering.
The structures of the common layer silicates can be
considered in terms of two simple structural units.
The different clay mineral groups are characterized
by the stacking arrangements of sheets® (sometimes
chains) of these units and the manner in which two
successive two- or three-sheet layers are held together.

* In conformity with the recommendations of the Nomenclature
Committee of the Clay Minerals Society (Bailey et al., 1971), the
following terms are used: a plane of atoms, a sheet of basic
structural units; and a layer of unit cells composed of two,
three, or four sheets.
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Figure 3.2 (continued).
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Fig. 3.3 Classification of shapes for sand and silt size
particles. (Roundness of mine{al particles as seen in
silhouette; Miiller, 1967).

Subrounded

Difterences among minerals within clay mineral
groups arise chiefly from differences in the type and
amount of isomorphous substitution within the crys-
tal structure. Because the possible substitutions are
nearly endless in number, and because the develop-
ment of crystal structure may range from very poor to
nearly perfect, it is not surprising that the study of
clay minerals appears imposing to the beginner, and
the classification and naming of clay minerals pro-
vides an endless challenge to the expert. However, a
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knowledge of the structural and compositional char-
acteristics of each group without detailed study of the
subtleties of each specific mineral is adequate for
many engineering purposes.

The two basic units in clay mineral structures are
the silica tetrahedron, with a silicon ion tetrahedrally
coordinated with four oxygens, and the aluminum or
magnesium octahedron, wherein an aluminum or
magnesium ion is octahedrally coordinated with six
oxygens or hydroxyls. The make-up of these basic
units is shown in Figs. 3.4 and 3.5.

Silica sheet

In most clay mineral structures the silica tetrahedra
associate in a sheet structure. Three of the four oxy-
gens of each tetrahedron are shared to form a hexa-
gonal net, as shown in Fig. 3.6. The bases of the
tetrahedra are all in the same plane and the tips all
point in the same direction. The structure can repeat
indefinitely and has the composition (Si;0;0)*~. Elec-
trical neutrality can be obtained by replacement of
four oxygens by hydroxyls or by union with a sheet of
different composition that is positively charged. The
oxygen-to-oxygen distance is 2.55 A, the space avail-
able for the silicon ion is 0.55 &, and the thickness of
the sheet in clay mineral structures is 4.63 A (Grim,
1968).

Silica chains

In some of the less common clay minerals, silica
tetrahedra are arranged in bands (double chains) of
composition  (Si;0y;)%~. Electrical neutrality is
achieved and the bands are bound together by means
of aluminum and/or magnesium ions. A diagram-
matic sketch of this structure is shown in Fig. 2.11.
Minerals in this group resemble the amphiboles in
structure.

P
O and |( ) Oxygens
N

Fig. 3.4 Silica tetrahedron and silica tetrahedra arranged in a hexag-
onal network.
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Fig. 3.5 Octahedral unit and sheet structure of octahedral units.

Octahedral sheet

This sheet structure is composed of magnesium or
aluminum coordinated octahedrally with oxygens or
hydroxyls. In some cases, other cations are present in
place of AB+ and Mg2?+, such as FeZ+, Fe3+, Mn?+,
Tit+, Ni%+, Cr3+, and Li+. Figure 3.5b is a schematic
diagram of such a sheet structure. The oxygen-to-oxy-
gen distance is 2.60 A, the (OH)-(OH) distance is
2.94 A, and the space available for the octahedrally
coordinated cation is 0.61 A. The thickness of the
sheet is 5.05 A in clays (Grim, 1968).

If the cation is trivalent, then only two-thirds the
possible cationic spaces are normally filled, and the
structure is termed dioctahedral. In the case of
aluminum, the composition is Al,(OH)s and, by it-
self, gives the mineral gibbsite. When found in clay
mineral structures, an aluminum octahedral sheet is
often referred to as a gibbsite sheet.

If the octahedrally coordinated cation is divalent,
then all possible cation sites normally are filled, and
the structure is .trioctahedral. In the case of mag-
nesium, the composition is Mgy(OH), giving the min-

Fig. 3.6 Silica sheet in plan view.



eral brucite. In clay mineral structures, a sheet of
magnesium octahedra is termed a brucite sheet.

In the following description of clay mineral struc-
tures schematic representations are used for the differ-
ent structural units:

Silica sheet / \ oor N\ /

(tips up} (tips down)

Octahedral sheet [::[ {Various cations in octa-

hedral coordination)

i G | (Octahedrai sheet cations

are mainly aluminum)

I:] (Octahedral sheet cations

are mainly magnesium}

Gibbsite sheet

Brucite sheet

Water layers are found in some structures and may
be regresented by coooooooo for a single layer,

Q00000000
388888888 for a double layer, and so on. Atoms

of a specific type, for example, potassium are repre-
sented thus: K .
The diagrams are indicative of the clay mineral

layer structure only. They do not indicate the correct
width-to-length ratios for the minerals. The structures
shown are idealized; in actual minerals, irregular sub-
stitutions and interlayering are common. Further-
more, the naturally occurring minerals are not neces-
sarily formed by direct assembly of the basic units
described above. The “building block” approach is
useful, however, for the development of conceptual
models.

3.4 CLASSIFICATION OF CLAY MINERALS

A complete classification system: for the layer sili-
cates that make up the various clay minerals should
probably take into account three criteria (Warshaw
and Roy, 1961). These are:

I. The height of the unit cell or “thickness of
layer".

2. Composition, whether dioctahedral or triocta-
hedral, and ionic content of layer.

3. Stacking sequence of layers and degree of order-
liness of stacking.

Grouping clay minerals according to crystal struc-
ture and stacking sequence of layers is convenient,
since the members of the same group have somewhat
similar engineering properties. The classification
scheme for layer silicates recommended by the
Nomenclature Committee of the Clay Minerals So-
ciety (Bailey et al. 1971) was developed on this basis,
and is shown in Table 3.1.
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The basic structure for each mineral group has
been included schematically in Table 8.1, All the
minerals have unit cells consisting of two, three, or
four sheets. The two-sheet minerals are made up of a
silica sheet and an octahedral sheet. The unit cell of
the three-sheet minerals is composed of either a dioc-
tahedral or trioctahedral sheet sandwiched between
two silica sheets. Unit cells may be stacked closely
together or water layers may intervene. The four-
sheet structure of chlorite is composed of a 2:1 layer
plus an interlayer hydroxide sheet.

Micalike clay minerals (illite, hydrous mica) are
very common in soils encountered in practice, and
hence their importance is much greater than implied
by the table. In some soils inorganic clay-like material
is found which has nojdetectable specificcrystal struc-
ture and, thus, cannot be classified into one of;: the
groups listed in Table 3.1. Such material is termed’
allophane.

The 2:1 mineral groups differ from each other
mainly in terms of the type and amount of interlayer
“glue”. For example, the smectites are characterized
by loosely held cations between layers, the micas by
firmly fixed potassium ions between layers, and vermi-
culite by one or two layers of water and cations. The
chlorite group may be viewed as an end member of
a sequence leading to 2:1 layers bonded by an or-
ganized hydroxide sheet. The charge per formula unit
1s variable both within and between groups (Table
3.1), and this reflects the fact that the range of com-
positions is great as a result of varying amounts of
isomorphous substitution. Because of this the bound-
aries between groups are somewhat arbitrary.

Isomorphous substitution

The concept of isomorphous substitution was intro-
duced in Section 2.8 in connection with description
of some of the silicate crystals. Isomorphous substitu-
tion is an important factor in the structure and be-
havior of the clay minerals. In an ideal gibbsite sheet,
only two-thirds of the octahedral spaces are filled, and
all of the cations are aluminum. In an ideal brucite
sheet, all the octahedral spaces are filled by mag-
nesium. In an ideal silica sheet, all the tetrahedral
spaces are filled by silicons. In the naturally occurring
clay minerals, however, some of the tetrahedral and
octahedral positions are occupied by cations other
than those in the ideal structure. Common examples
are aluminum in place of some s_i_i_icon_, magnesium
instead: of aluminum, and ferrous iron (FeZ+) for
magnesium. This occupation of an octahedral or
tetrahedral position by a cation other than the one
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Table 3.1

Proposed Classification Scheme for Phyllosilicates Related to Clay Minerals

Group (x = charge per

Pennite, clinochlore,

Type formula unit) Subgroup Species® Basic Structure
1:1 Kaolinite-serpentine Kaolinites Kaolinite, halloysite E
x~0 Serpentines Chrysotile, lizardite, anti-
2:1  Pyrophyllite-talc Pyrophyllites Pyrophyllite
x~0 Talcs Talc
Smectite— or Dioctahedral Montmorillonite,
Montmorillonite- Smectites or beidellite, nontronite
Saponite Montmorillonites
x ~ 0.25-0.6 Trioctahedral Smectites or ~ Saponite, hectorite,
Saponites sauconite
2:1  Vermiculite Dioctahedral vermiculites Dioctahedral vermiculite E
x ~ 0.6-0.9 Trioctahedral vermiculites  Trioctahedral vermiculite
Mica® Dioctahedral micas Muscovite, paragonite
x~1 Trioctahedral micas Biotite, phlogopite
Brittle mica Dioctahedral brittle micas  Margarite
x ~ 2 Trioctahedral brittle micas  Clintonite
2:1:1  Chlorite Dioctahedral chlorites Donbassite
Di,trioctahedral chlorites
x variable Trioctahedral chlorites Cookeite, sudoite

prochlorite

s Only a few examples are given.

5 The status of illite (or hydromica), sericite, and so on, are left open because it is not clear whether or at what level they
would enter the table; many materials so indicated may be interstratified.

Bailey ef al. (1971).

normally found, without change in crystal structure,
is isomorphous substitution. The tetrahedral and
octahedral cation distributions develop during initial
formation of the mineral, not by later replacement.

3.5 INTERSHEET AND INTERLAYER BOND-
ING IN THE CLAY MINERALS

The stacking of silica, gibbsite, and brucite sheets
to form the basic clay mineral layer is such that a
single plane of atoms is common to both the tetra-
hedral and octahedral sheets. Thus, bonding between
these sheets is of the primary valence type and-very
strong. On_the other hand, the bonds holding. the
unit cell layers together may be of several types, and
they may be sufficiently weak that the physical and
chemical behavior of the clay may ‘be influenced by
the response of these bonds to changes in_environ-

mental conditions.

i

Isomorphous substitution in all the clay minerals,
with the possible exception of the kaolinites, gives
clay particles a net negative charge. To preserve elec-
trical neutrality cations are attracted and held on the
surfaces and the edges, and in some clays, between
the unit cells. These cations are termed “exchange-
able cations” because in most instances cations of one
type may be replaced by cations of another type. The
quantity of exchangeable cations required to balance
the charge deﬁmency of a ciay is termed the “cation
exchange capacity” (cec) and is usually expressed as
milliequivalents® per 100 grams of dry clay.

* Equivalent weight = combining weight of an elementz(alomic
weight/valence).

Number of milliequivalents = 1000X (weight of elemem/alomlc
weight) X valence.

The number of ions in an equivalent =
valence).

Avogadro’s number = 6.02 X 10%, An equivalent contains 6.02 X
102 electron charges or 96,500 coulombs, which is 1 Faraday.

(Avogadro’s number/




Five types of interlayer bonding in the layer sili-
cates are possible (Marshall, 1964).

I

Neutral parallel layers are held by van der
Waals bonds. Bonding is relatively weak; how-
ever, relatively stable crystals of appreciable
thickness may form as evidenced by the nonclay
minerals pyrophyllite and talc, although cleav-
age parallel to the layers in these minerals is
easy.

In minerals such as kaolinite, brucite, and gibb-
site there are opposing layers of oxygen and
hydroxyl or hydroxyl and hydroxyl. This gives
rise to hydrogen bonding as well as van der
Waals bonding between layers, which provides
a fairly strong bond that will not separate in the
presence of water but can still provide good
cleavage.

Neutral silicate layers :may be separated by
layers of highly polar water molecules giving
rise to hydrogen bonding.

Cations required to provide electrical neutrality
may take up positions that control interlayer
bonding characteristics. In the micas, some of
the silicon is replaced by aluminum in the
silica sheets. The resulting charge deficiency is
balanced in part by potassium ions between
mineral layers. Since the size of the potassium
ion is such that it fits into the holes formed by
the bases of the silica tetrahedra in the silica
sheet (Fig. 3.4), it provides a strong bond be-
tween mica layers. In the chlorites, the charge
deficiencies resulting from substitutions in the
octahedral sheet in the 2:1 sandwich are bal-
anced by a charge excess on the one-sheet layer
interleaved between the three-sheet layers. This
provides a strongly bonded structure that, while
exhibiting cleavage, will not lead to separation
in the presence of water or other polar liquids.
When the surface charge density is moderate, as
in the case of the smectites and vermiculites,
the silicate layers may readily take up polar
molecules, and balancing cations may hydrate,
resulting in a separation of layers and expan-
sion. The strength of the interlayer bond is low
and a sensitive function of charge distribution,
hydration energy of the cation, geometry of
cation in relation to the silicate surface, surface
ion conhguration, and structure of the polar
molecule.

The smectite and vermiculite particles swell;
whereas, particles of the nonclay minerals pyrophyl-
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lite and talc, which have comparable structures, do
not. There are two possible explanations for this and
direct evidence in support ot either is difficult to
obtain (van Olphen, 1963).

I. The interlayer cations in the smectites hydrate,

and the hydration energy overcomes the attrac-
tive forces between unit layers. There are no
interlayer cations in pyrophyllite, hence, no
swelling,

. Water does not hydrate the cations but is ad-

sorbed on oxygen surfaces by hydrogen bonds.
There is no swelling in pyrophyllites and talc
because the surface hydration energy is too
small to overcome the van der Waals forces
between layers, which are greater in these min-
erals because of a smaller interlayer distance.

3.6 THE 1:1 MINERALS

Structure

The kaolinite-serpentine minerals are composed. of
alternating silica and octahedral sheets as shown sche-
matically in Fig. 3.7. The tips of the silica tetrahedra
and one of the planes of atoms in the octahedral sheet
are common. The tips of the tetrahedra all point in
the same direction, toward the center of the unit cell.
In the plane of atoms common to both sheets, two-
thirds of the atoms are oxygens and are shared by
both silicon and the octahedral cations. The remain-
ing atoms in this plane are (OH) and are located so
that each is directly below the hole in the hexagonal
net formed by the bases of the silica tetrahedra. [If
the octahedral layer is brucite, then a mineral of the,
serpentine subgroup results; whereas, dioctahedral
gibbsite layers lead to clay minerals in the kaolinite
subgroup. Trioctahedral 1:1 minerals are relatively
rare, usually occur mixed with kaolinite or illite, and
are hard to identify. A diagrammatic sketch of the
kaolinite structure is shown in Fig. 3.8. The structural
formula is (OH)gSijAl Oy, and the charge distribu-
tion is indicated in Fig. 3.9.

Mineral particles of the kaolinite subgroup consist
of the basic layers stacked in the ¢ direction. "The’
bonding, between successive; layers is both by van der
Waals forces and hydrogen bonds. This bonding isy
of sufficient strength that there is no interlayey
swelling.

Because of slight differences in the oxygen-to-oxy-
gen distances in the tetrahedral and octahedral layers
there is some distortion of the ideal hexagonal tetra-
hedral network. The upward directed Si-O bond is
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{a)

(b)

Fig. 3.7 Schematic diagrams of the structures of kaolinite and serpentine
(a) Kaolinite. (b) Serpentine.

slightly tilted to fit the overlying octahedron. Appar-
ently, because of this, the mineral kaolinite, which is
the most important member of the subgroup and a
common soil mineral, is triclinic instead of mono-
clinic. The unit cell dimensions are a = 5.16 A, b =
894 A, ¢ =737 A, a = 91.8° 8 = 1045° and y =
90°.

Variations between members of the kaolinite sub-
group consist of the way layers are stacked above each
other and possibly in the position of aluminum ions
within the available sites in the octahedral sheet.
Dickite and nacrite are rarely found. The dickite unit
cell is made up of two unit layers, and the nacrite
unit cell contains six. Both appear to form as a result
of hydrothermal processes. Dickite is fairly common as
a secondary clay in the pores of sandstone and in coal
beds.

Hilloysite

The mineral halloysite is a particularly interesting
member of the kaolinite subgroup. Two distinct
forms of this mineral exist as shown in Fig. 3.10; one
a nonhydrated form having the same structural com-
position as kaolinite ((OH)gSi;Al,O1) and the other a
hydrated form consisting of unit kaolinite layers sepa-
rated from each other by a single layer of water mole-
cules having the composition (OH)4Si4AL 044 + 4H,0.
The basal spacing in the ¢ direction, d g1, for non-
hydrated halloysite is about 7.2 A, as for kaolinite.
Because of the interleaved water layer, do, for
hydrated halloysite is about 10.1 A. The difference
between these values, 2.9 A, is the approximate thick-
ness of a single layer of water molecules. A partially

Oxygens

@ O Silicons

Fig. 3.8 Diagrammatic sketch of the kaolinite struc-
ture.

hydrated form with basal spacing in the range of 7.4
to 7.9 A may also occur.

Hydrated halloysite, which has also been termed
halloysite (4H,0), can dehydrate irreversibly to hal-
loysite (2H,O) sometimes known as metahalloysite.

Isomorphous substitution and exchange capacity

Controversy exists as to whether or not any iso-
morphous substitution exists within the structure of
the kaolinites. Nonetheless, values of cation exchange
capacity for kaolinite in the range of 3 to 15 meq/100 g
and from 5 to 40 meq/100 g for halloysite have been
measured. Thus, clear evidence exists that the par-
ticles possess a net negative charge. Possible sources
of this charge deficiency are:

1. Substitution of A3+ for Sit+ in the silica sheet
or a divalent ion for A3+ in the octahedral
sheet. Replacement of only one Si in every 400
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Fig. 3.9 Charge distribution in kaolinite.

would be adequate to account for the exchange
capacity of many kaolinites, so proof of substi-
tution using analytical methods is not easily
obtained.

2. The hydrogen of exposed hydroxyls may be re-
placed by an exchangeable cation. This mech-
anism may be doubtful, however, since the hy-
drogen would probably not be replaceable
under the conditions of most exchange reactions
(Grim, 1968).

3. Broken bonds around particle edges give rise to
unsatisfied charges that are balanced by ad-
sorbed cations.

n a ( ic)..pH._environment.. Low. excha
under low conditions and
capacities are o

tions at high pH. This supports broken bonds as a

10.1 A

partial source of exchange capacity. That a positive
cation exchange capacity is measured under low pH
co

it s when are ch i tes
th s e isom us n as
well.

‘Because interlayer separation does not occur in
kaolinite, balancing cations must adsorb on the ex-
terior surfaces of the particles.

Morphology and surface area

Well-crystallized particles of kaolinite (Fig. 3.11),
nacrite, and dickite occur as well-formed six-sided
plates. The lateral dimensions of these plates may
range from about 0.1 to 4 um, and their thickness
may be about 0.05 to 2 um. Stacks of kaolinite layers
up to 4000 um in thickness have been observed,
although they are not common. Poorly crystallized
kaolinite generally occurs as less distinct hexagonal
plates, and the particle size is usually smaller than for
the well-crystallized varieties.

72A

Fig. 3.10 Schematic diagrams of the structure of halloysite. (a) Hy-
drated halloysite. (b) Non-hydrated halloysite.
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Fig. 3.11 Electron photomicrograph of well-crystal-
lized kaolinite from St. Austell, Cornwall, England,
Picture width is 17 um (Tovey, 1971).

The morphology of halloysite is among the most
interesting of any of the clay minerals. The hydrated
form of this mineral occurs as cylindrical tubes of
overlapping sheets of the kaolinite type (Fig. 3.12).
The c-axis at any point nearly coincides with the tube
radius. The formation of tubes has been explained
(Bates, Hildebrand, and Swineford, 1950) on the basis
of a misfit in the b direction of the silica and gibbsite
sheets. The b dimension of kaolinite is 8.93 A. In gibb-
site, however, it is only 8.62 A. This implies that the
(OH) spacings in kaolinite are somewhat stretched in
order to obtain the proper fit with the silica sheet.
Evidently in hydrated halloysite, the reduced inter-
layer bond, caused by the intervening layer of water
molecules, enables the (OH) layer to revert to 8.62 A
resulting in a curvature of the unit with the hydroxyls
on the inside and the bases of the silica tetrahedra on
the outside. The outside diameters of the tubular par-
ticles range from about 0.05 to 0.20 um with a median
value of 0.07 um. The wall thickness is about 0.02 pm
(Bates, Hildebrand, and Swineford, 1950). The tubes
may range in length from a fraction to several
micrometers. Electron microscope studies have shown
that drying of hydrated halloysite may result in a

¢ splitting or unrolling of the tubes.

Fig. 3.12 Electron photomicrograph of halloysite from
Bedford, Indiana. Picture width is 2 pm (Tovey, 1971).

The specific surface area of kaolinite is of the order
of 10 to 20 m2/g of dry clay; whereas, that of hydrated
halloysite is in the range of 35 to 70 m?/g.

3.7 THE SMECTITE MINERALS

Structure

The minerals of the smectite group//have a proto-
type structure similar to that of pyrophyllite, consist-
ing of an octahedral sheet sandwiched between two
silica sheets, as shown schematically in Fig. 8.13 and
diagrammatically in three dimensions in Fig. 3.14.
All the tips of the tetrahedra point toward the center
of the unit cell. The oxygens forming the tips of the
tetrahedra are common to the octahedral sheet as
well. The remaining anions in the octahedral sheet
that fall directly above and below the hexagonal holes
formed by the bases of the silica tetrahedra are
hydroxyls.

The layers formed in this way are continuous in
the a and b directions and stacked one above the
other in the ¢ direction. Bonding between successive
layers is by van der Waals forces and by cations that
may be present to balance charge deficiencies in the
structure. These bonds are weak and easily separated
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Fig. 3.13 Schematic diagrams of the structures of the smectite minerals
(¢) Montmorillonites. (b) Saponites.

by cleavage or adsorption of water or other polar
liquids. The basal spacing in the ¢ direction, doo1), 18
variable, ranging from about 9.6 A to complete
separation.

The theoretical composition in the absence of lat-
tice substitutions is (OH),8i3A1,0,, ¢+ n(interlayer)
H,0. The structural configuration and the corre-

Exchangeable Cations
nH,0

Oxygens Hydroxyls .Aluminum, Iron, Magnesium

O and @ Silicon, Occasionally Aluminum
Fig. 3.14 Diagrammatic sketch of the montmorillo-
nite structure.

sponding charge distribution are shown in Fig. 3.15.
The structure shown is electrically neutral overall,
and it is the same as that of the nonclay mineral
pyrophyllite.

Isomorphous substitution in the smectite minerals

The factor that sets the minerals of the smectite
group apart from the pyrophyllite-talc as a clay min-
eral class is extensive substitution for aluminum and
silicon within the lattice by other cations. Aluminum
in the octahedral sheet may be replaced by mag-
nesium, iron, zinc, nickel, lithium, or other cations.

4 Si +16

40

2 (oH) 10

4 Al +12 96021 A
40

2 (ony 10

4si +16

60 12

Net Charge

+44—44 =0

Fig. 3.15 Charge distribution in Pyrophyllite (type
structure for montmorillonite).
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Aluminum may replace up to 15 per cent of the sili-
con ions in the tetrahedral sheet. Possibly some of the
silicon positions can be occupied by phosphorous
(Grim, 1968).

Substitutions for aluminum in the octahedral sheet
may be one-for-one or three-for-two (since aluminum
occupies only two-thirds the possible octahedral sites)
in any combination from a few to complete replace-
ment. The only restriction appears to be that the result.
ing structure is either almost exactly dioctahedral
(montmorillonite subgroup) or: exactly trioctahedral
(saponite subgroup). The charge deficiency result-
ing from these substitutions is in the range of 0.5
to 1.2, and it is usually close to 0.66 per unit cell. A
charge deficiency of this amount is readily obtained
by replacement of every sixth aluminum by a mag-
nesivm. Montmorillonite, the most common mineral
of the group, has this composition. The charge de-
ficiency resulting from these substitutions is balanced
by exchangeable cations that take up positions be-

tween the unit cell layers and on the surfaces of
particles.

Some minerals of the smectite group and their
structural formulas are listed in Table 3.2. An arrow
indicates the source of the charge deficiency, assumed
to be 0.66 in each case, and the amount of exchange-
able sodium required to balance the structure. More
than one formula may be found in the literature for
several of the minerals, differing in the relative
amounts of substitution in different parts of the struc-
ture. This reflects both the great variety of composi-
tions that may exist within the same basic crystal
structure and the difficulties of identification and

classification. Thus, the formulas given in. Table 3.2,

cannot be taken as absolute, but as indicative of the
general character of the mineral,

Because of the large amount of unbalanced substi-
tution in the smectite minerals, they exhibit high
cation exchange capacities, generally in the range of
80 to 150 meq/100 g.

Table 3.2 Some Minerals of the Smectite Group

Tetrahedral Sheet

Octahedral Sheet

Mineral Substitutions Substitutions Formula/Unit Cell®
Dioctahedral, Smectites or
Montmorillonites
Montmorillonite None 1 Mg?* for every sixth Al** (OH).Sis(Als.3Mgo.88) Oz0
!
Nag.e8
Beidellite Al for Si None (OH)4(Sie,34A11_so) Al4,34020
i
Nag.00
Nontronite Al for Si Fe®* for Al (OH)4(Sir.uAlo.es) Fes*On
!
Nay.e6
Trioctahedral, Smectites or
Saponites
Hectorite None Li for Mg (OH)4Sis(Mgs.ssLio.66) Ozo
}
Nay.es
Saponite Al for Si Fest for Mg (OH)Sir.uAlo.cs) MgeOo
!
) Nayo.¢8
Sauconite Al for Si Zn for Mg (OH)4(Sig_,,A1,,)(Zn6_,Mg,) Og
!
Nao. 66

a Two formula units are needed to give one unit cell.

After Ross and Hendricks (1945); Marshall (1964); and Warshaw and Roy (1961).




Morphology and surface area

Because of the very small sizes in which particles
of the smectite minerals are usually found and their
tendency to break down into sheets of unit cell thick-
ness when dispersed in water, clear electron micro-
graphs are not easily obtained. Montmorillonite usu-
ally occurs as equidimensional flakes so thin as to
appear more like films as shown in Fig. 3.16. Particles
may range in thickness from 10 A (unit cell) upwards
to about 1/100 of the width. The long axis of the
plates may be up to several micrometers in length;
however, it is usually less than 1 or 2 pm.

In cases where there is a large amount of substitu-
tion of iron and/or magnesium for aluminum, for
example, nontronite, particles have a lath or needle-
like shape. It has been postulated (Grim, 1962) that
these shapes result from the fact that the Mg?+ ion
and the Fe3+ ion are somewhat large for the octa-
hedral lattice, and, hence, the structure is subjected to
a directional strain.

The specific surface of the smectites is extremely
large. The primary surface, that is, surface due to
particle surfaces exclusive of interlayer zones, is gen-
erally in the range of 50 to 120 m?/g. The secondary
specific surface that may be exposed by expanding the

Fig. 3.16 Electron photomicrograph of montmorillo-
nite (bentonite) from Clay Spur, Wyoming. Picture
width is 7.5 um (Tovey, 1971).
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lattice so that polar fluids can penetrate between
layers may range from 700 to 840 m?/g.

Bentonite

A very highly plastic, swelling clay material known
as bentonite is widely used for a variety of purposes
ranging from drilling muds for soil borings to clari-
tication of beer and wine. The bentonite familiar to
most geotechnical engineers is a highly colloidal, ex-
pansive clay that is an alteration product of volcanic
ash and has a liquid limit of 500 percent or more. It
is widely used as a backfill during the construction of
slurry trench walls, as a grout material, as a sealant
for piezometer installations, and for other special
applications (Boyes, 1972).

When encountered naturally, or as a seam in rock
formations or as a major constituent of soft shales,
bentonite may be a continuing source of slope sta-
bility problems. Slide problems at Portugese Bend
along the Pacific Ocean in southern California and
in the Bearpaw shale in Saskatchewan can both be
attributed in part to the presence of bentonite. Sta-
bility problems in underground construction may be
caused by the presence of montmorillonite in joints
and faults (Brekke and Selmer-Olsen, 1965).

3.8 THE MICALIKE CLAY MINERALS

Perhaps the most commonly occurring clay mineral
found in the soils encountered in engineering prac-
tice has a structure similar to that of muscovite mica,
and is termed “illite” or “hydrous mica.” Although
illite was not listed specifically in Table 3.1, it can be
conveniently considered on the same level as kaolinite
and montmorillonite. Vermiculite also is often found
as a clay phase constituent of soils. Although it is
classed as a separate group in Table 3.1, its structure
is related to that of biotite mica.

Structure

The basic structural unit for the muscovite micas
(white micas), shown schematically in Fig. 3.17a, is
the three-layer silica—gibbsite-silica sandwich that

forms pyrophyllite. The tips of all the tetrahedra in

each silica sheet point toward the center and are
common with octahedral sheet ions.

Muscovite differs from pyrophyllite in that about
one-quarter of the silicon positions are filled by alu-
minum, and the resultant charge deficiency is balanced
by potassium ions between the layers. The layers are
continuous in the ¢ and b directions and stacked in
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Fig. 8.17 Schematic diagram of the structures of muscovite, illite, and
vermiculite. (a) Muscovite and illite. (b) Vermiculite.

the ¢ direction. The diameter of the potassium ion,
1.38 A, is such that it fits snugly in the 1.21 A diam-
eter hexagonal hole formed by the bases of the silica
tetrahedra, where it is in 12-fold coordination with
the six oxygens of each layer.

A diagrammatic three-dimensional sketch of the
muscovite structure is shown in Fig. 3.18. The struc-

Potassium

Oxygens, Hydroxyls, ‘Aluminum,
Q and

Fig. 3.18 Diagrammatic sketch of the structure of
muscovite.

Silicons {One-Fourth Replaced by Aluminums)

tural configuration and charge distribution are shown
in Fig. 3.19, where it may be noted that the unit cell
is electrically neutral and has the formula (OH),K,-
(SigAl;)Al Oy Muscovite is the dioctahedral end
member of the micas and contains only A3+ in the
octahedral layer. Phlogopite (brown mica) is the tri-
octahedral end member, having the octahedral posi-
tions filled entirely by magnesium. Its formula is
(OH),K,(SigAl:)MggOy. The biotites (black micas)
are trioctahedral, with the octahedral positions filled

1K + 1

6 0 —12

3 Si

25} e

40 _

2 (OH)} 10

4 Al +12 9A
40 _

2 (om} 10

3 Si

1A} +15

6 0 —12

1K + 1

Net Charge .
+44 —44 =0

Fig. 3.19 Charge distribution in muscovite



mostly by magnesium and iron. It has the general
ormula  (OH)K,(SigAL)(MgFe)s0.. The relative
proportions of magnesium and iron may vary widely.

Illites differ from mica in the following ways
(Grim, 1968):

s Fewer of the Si*+ positions are occupied by
A3+ in illite.

2. There is some randomness in stacking of layers
in illite.

8. There is relatively less potassium in illite. Well
organized illite contains 9 to 10 percent K,O
(Weaver and Pollard, 1973).

4. The size of illite particles occurring naturally is
very small.

Some illite may contain magnesium and iron in the
octahedral sheet as well as aluminum (Marshall,
1964). Iron-rich illite, usually occurring as earthy
green pellets, is termed glauconite.

The vermiculite structure consists of a regular inter-
stratification of biotite mica layers and double molec-
ular layers of water, as shown schematically in Fig.
8.17b. Actually, the thickness of the water layer be-
tween biotite units depends largely on the cation
present in this region that balances charge deficiencies
in the biotitelike layers. With magnesium or calcium
Jresent (the usual case in nature), there are two water
layers, giving a basal spacing of 14 A. A general form-
ula for vermiculite is

(OH)q(MgCa) ,(Sis_:Alz) (Mg ) Fe)sOw}HgO

x~1ltold4,y~8

Isomorphous substitution and exchange capacity

Isomorphous substitution in both the illite and
vermiculite structure is extensive. The charge defi-
ciency in illite is 1.3 to 1.5 per unit cell. In illite the
charge deficiency is located primarily in the silica
sheets and is balanced partly by the nonexchangeable
potassium ions between layers. Thus, the cation ex-
change capacity of illite is less than that of mont-
morillonite, amounting to 10 to 40 meq/100 g. Values
of exchange capacity greater than 10 to 15 meq/
100 g may be indicative to some expanding layers
(Weaver and Pollard, 1973). In the absence of the
fixed potassiums, the exchange cnpacsty would be
about 150 meq,!IOf] g. The interlayer bonding by
potassium is sufhciently strong that the basal spacing
of illite remains fixed at 10 A in the presence of polar
liquids.
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In vermiculite, the charge deficiency is of the order
of 1 to 1.4 per unit cell. Since the interlayer cations
are exchangeable, the exchange capacity for this min-
eral is high, amounting to 100 to 150 meq/100 g. The
basal spacing d 40,, of the vermiculites is influenced
by both the type of cation and dehydration. With
magnesium and calcium in the exchange positions,
the basal spacing is only 10.5 to 11 A. Lithium gives
12.2 A. The interlayer water can be driven off by
heating to temperatures higher than 100°C. This
dehydration is accompanied by a reduction in basal
spacing to about 10 A. The mineral quickly rehy-
drates and expands again to 14 A when exposed to
moist air at room temperature.

Morphology and surface area

Illites usually occur as, very small, flaky particles
mixed with other clay and nonclay materials.: Illite
deposits of high purity have not been located, as has
been the case for kaolinite and montmorillonite. The
flaky illite particles may have a hexagonal outline if
well crystallized. The long axis dimension ranges
from 0.1 um or less to several micrometers, and the
plate thickness may be as small as 30 A. An electron
photomicrograph of illite is shown in Fig. 3.20.

Vermiculite may occur in nature as large crystalline
masses having a sheet structure somewhat similar in
appearance to mica. In soils, vermiculite occurs as

Fig. 3.20 Electron photomicrograph of illite from
Morris, Illinois. Picture width is 7.5 um (Tovey, 1971).
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small particles mixed with other clay minerals. Spe-
cific data concerning shape and size of these particles
are not available.

Values of specific surface in the range of about 65
to 100 m?/g have been reported for illite. The pri-
mary surface area of the vermiculites is about 40 to
80 m?/g and the secondary (interlayer) surface may be
as high as 870 m?/g.

3.9 THE CHLORITE MINERALS

Structure

The chlorite structure consists of alternating mica-
like and brucitelike layers as shown schematically in
Fig. 3.21. The structure is similar to that of vermicu-
lite, except that an organized octahedral sheet re-
places the double water layer between mica layers.
As with the kaolinites, smectites, and illites, the layers
are continuous in the a and b directions and stacked
in the ¢ direction with basal cleavage. The basal
spacing is fixed at 14 A.

Isomorphous substitution

The central sheet of the mica layer is trioctahedral
with magnesium as the predominate cation. There is
often partial replacement of Mg2+ by Al3+, Fe2+,
and Fe*+. The silica sheets are unbalanced by substi-
tution of AB+ for Mg?+ in the brucite layer. The
various members of the chlorite group differ in the
kind and amounts of substitution and in the stacking
of successive layers. The cation exchange capacity of
the chlorites is in the range of 10 to 40 meq/100 g.

=
=

—— |

Fig. 3.21 Schematic diagram of the structure of
chlorite.

Fig. 3.22 Electron Photomicrograph of Attapulgite
from Attapulgis, Georgia. Picture width is 4.7 um
(Tovey, 1971).

Morphology

Chlorite minerals are found as microscopic grains
of platy morphology and poorly defined crystal edges
in altered igneous and metamorphic rocks and soils
derived therefrom. In soils, chlorites always appear to
occur in mixtures with other clay minerals. Little
specific information is available concerning particle
size.

3.10 CHAIN STRUCTURE CLAY MINERALS

As indicated previously, some clay minerals are
formed from bands (double chains) of silica tetra-
hedra. The minerals attapulgite, sepiolite, and paly-
gorskite differ primarily in the replacements within
the structure. These minerals have lathlike shapes
with particle diameters of 50 to 100 A and lengths of
4 to 5 um. These minerals are not commonly en-
countered in soils of engineering interest. Figure 3.22
shows an electron photomicrograph of bundles of
attapulgite particles.

3.11 SUMMARY OF CLAY MINERAL
CHARACTERISTICS

Table 3.3 presents a summary of the important
structural, compositional, and morphological charac-
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teristics of the important clay minerals. Data concern-
ing the structural characteristics of tetrahedral and
octahedral sheet structures are included, as well as
values of ionic radii for the elements common in
clays.

3.12 MIXED LAYER CLAYS

More than one type of clay mineral is usually
found in most soils. Because of the great similarity in
crystal structure among the different minerals, it is

common, and not at all surprising, that interstrati-

fication of two or more different layer types often
occurs within a single: particle.

Interstratification may be regular, with a definite
repetition of the different layers in sequence, or it
may be random. According to Weaver and Pollard
(1973), randomly interstratified minerals are second
only to illite in abundance. The most abundant
mixed-layer material is composed of expanded, water
bearing layers and contracted nonwater bearing
layers. Montmorillonite—illite is most common, al-
though chlorite-vermiculite and chlorite-montmoril-
lonite are often encountered. Rectorite is a regular
interstratified clay with high charge, micalike layers
with fixed interlayer cations alternating in a regular
manner with low charge, montmorillonitelike layers
with exchangeable cations capable of hydration.

3.13 NONCRYSTALLINE CLAY MATERIALS

Allophane

Noncrystalline silicate clay materials are generally
termed allophane. These materials are noncrystalline,
in the sense that they are amorphous to X rays, be-
cause there is insufficient long range order of the octa-
hedral and tetrahedral units to produce sharp diffrac-
tion effects, although in some cases crude order may
exist leading to diffraction bands. The allophanes
have no definite composition or shape and may ex-
hibit a wide range of physical properties. Some non-
crystalline clay material is probably found in nearly
all fine-grained soils. It may be particularly common
in some soils formed from volcanic ash.

Oxides

There are probably no soils on earth that do not
contain some amount of colloidal oxides and hydrous
oxides (Marshall, 1964). The details of their occur-
>rence and influence on the physical properties of a
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soil have not been studied much. The oxides and
hydroxides of aluminum, iron, and silicon are of the
greatest interest since they are the ones most fre-
quently encountered. These materials may occur as
gels or precipitates and coat mineral particles, or they
may cement particles together. They may occur also
as distinct crystalline units, for example, gibbsite,
boehmite, hematite, and magnetite. Limonite and
bauxite are sometimes found and represent amor-
phous mixtures of iron and aluminum hydroxides,
respectively.

3.14 ORIGIN OF CLAY MINERALS

Clay minerals may be formed by one or more of
the processes listed below (Keller, 1964):

Crystallization from solutions.

Weathering of silicate minerals and rocks.
Diagenesis, reconstitution, and ion exchange.
Hydrothermal alterations of minerals and rocks.
Laboratory synthesis.

Gtk 00 N0 —

Clay minerals are commonly found in the flling
material (gouge) in joints, shears, and faults in rock,
and often as an alteration product in the rock imme-
diately adjacent to these discontinuities. Hydro-
thermal alterations may also lead to the formation of
clay veins in rocks and zones of clay around hot
springs and geysers. Clays formed in this way are not
important constituents of soils; however, their pres-
ence in joints, shears, and faults is of great impor-
tance in the stability of underground openings and
other rock structures.

The bulk of the clay minerals found in soils are
formed by processes (1), (2), and (8). Further consider-
ation of the nature of these processes is given in
Chapter 4. In some cases, a silicate mineral, especially
feldspar, may be replaced by a clay mineral within a
granular rock structure as a result of various altera-
tion processes. This may be of particular importance
in the formation of decomposed granite, a broken-
down rock material that is a frequent source of prob-
lems in foundation and earth work construction. The
replacement mainly of feldspar by kaolinite is
common.

3.15 PRACTICAL IMPLICATIONS

Mineralogy controls the sizes, shapes, and surface
characteristics of the particles in a soil. These fea-
tures, along with interactions with the fluid phase,
determine plasticity, swelling, compression, strength,
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Table 3.3 Summary of Clay

Sub-Group and

Structyral

. g 1, Silica Tetrahedron: Si atom at center. Tetrahedron units form hexagonal network = SisOs(0H )¢
b 2. Gibbsite Sheet: Aluminum in octahedral coordination. Two-thirds of possible positions filled. Al2(OH)—0-0 = 2 60 f\
Q) 3. Brucite Sheet: Magnesium in octahedral coordination. All possible positions filled Mga(OH)—0-0 = 2.60 &

Octahedral Layer

Structure

a Arrows indicate source of charge deficiency. Equivalent Na listed as balancing cation. Two formula units (Table 3.2) are required per unit cell.

b Electron Microscope Data.
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Type  Schematic Structure Mineral Complete Formula/Unit Cella Cations Substitution  Interlayer Bond
Allophane Allophanes Amorphous
Kaolinite + Kaolinite (OH)s8i4AlsOw Alg Su Little 0-0H
Hydrogen Strong
Dickite (OH)sS14ALO10 Aly Sia Little 0-OH
Hydrogen Strong
1:1 Nacrite (OH)Si4ALO10 Aly Sis Little 0-0H
Hydrogen Strong
Halloysite (OH)6814Al4010 Al Si4 Little 0-OH
4 (dehydrated) Hydrogen Strong
L mos . . , )
1o/ ¥ Halloysite (OH)38i4A14Or0.4H2O Al Sie Little 0-OH
(o” (hydrated) Hydrogen Strong
Montmorillonite (OH)4Sis(Aly 30.Mg.68)O20.nH20 Als 1uMg.es Sis Mg for Al, Ne 0-0
. always = 0. Very weak expand-
Na.ss cell ing lattice
. . Beidellite (OH)4(Sir.a4.Al 8)(Al4)O20.0H20 Al Sir.uAl.es Al for 8i, Net charge
4 K 1 always = 0.66-/for Very wesk expand-
< Na.se X unit cell ing lattice
O S Nontronite (OH)(Si7.4.Al ss)Fe43+02:,nHa0 Fes Si7 uAl.ee Fe for Al, Al for 8I, Net
X : ! charge always = Very weak expand-
- Na o 0.66-/for unit cell 1ng lattice
)
2:1 Saponite Hectorite (OH)Sis{Mgs.24.Li s6)O2.nH20 Mgs uLi.ee Sia M%. Li for Al, Net 0-0
| charge always = Very weak expand-
Na.es 0.68-/unit cell ing lattice
Saponite (OH)«(Sir.uAlss) MgeO20.n H20 Mg, Fei+ Siz.zAles Mg for Al, Al for Si, 0
I Net charge always Very weak expand-
Na.se 0.86-/for unit cell 10g lattice
N Sauconite (Sie.mAlios) ALaFe uMg 30Z04.00026(OH) Al wFeuMg.saZniss  Sis.udlioe Zu for
. 1 .nH.0 Very weak expand-
Q Na.es ing lattice
Mica
C\o?ﬁ(f Illites (K, Hz0)2(8i)s(Al, Mg, Fe)4.6020(OH )4 (Al,Mg,Fe)es (ALSi)s Some Si always replaced K ions: strong
by Al Balanced by K
¢ )fg":” between layers.
Vermicu ite
Vermiculite (OH)(Mg.Ca)s(Sis—z.Alz:)(Mg.Fe)sOn.y H2O (Mg,Fe)s (Si,AD)s Al for Si net charge of 1 Weak
x=1toldy=38 to 1.4/unit cell
- rl( )
S
N
N
o
2:1:1  Chlorit . .
onte Chlorite (OH)4(SiAl)s(Mg,Fe)aO20 (2:1 layer) (Mg,Fe)s (2:1 layer)  (Si,Al)g Al for Siin 2:1 layer
S (Several varieties (MgAl)s(OH )iz Interlayer (Mg,Al)s Interlayer Al for Mg in Interlayer
known)
Chain Sepiolite Si4Ou(Mg. Hz)aH20 o(H20) Fe or Al for Mg
Structure Attapulgite (OH2)_(OH)2:Mgs8isO2.4H20 Some for"Al for Si Weak = chains

linked by 0



Mineral Characteristics

Units
All bases in same plane; 0-0 = 2,55 :\—Space for 8i =
“{-OH = 2.04 i

\-OH = 2.94 &. Space for ion = 1,61 A. Thickness of unit = 5.05 A. Trioctahedral.

0.55 A—Thicknesss 4.93 4. C-C height = 2.1 &,
Space for ion = 0,61 A Thickness of unit = 5.05 A Dioctahedral.

Strueture—Continued

(ation Exchange

Occurrence in Soils

Specific Specific Surface of Engineering

Crystal Structure Basal Spacing Shape Sized Cap.(meq/100 gm) Gravity m2,/gm. Interest
Irregular, some-  .05-1pu
what rounded Common
Triclinic 7.2A 6-sided flakes 0.1-4u X } single 3-15 2.60-2.68 10-20 Very Common
a=>514,b =893 c= 1737 08-2 u 8 - —
a = 91.6°, 8 = 104.8°, vy = 89.9° . . to 3000 X 4000(stacks)
Monoclinic 4.4 A Unit cell con- 6-sided Aakes 0.07-300 X 2 1-30 Rare
a=515b=895c= 1442 taing 2 unit 1000 u
8 = 98°48’ o layers
Almost Orthorhombic 13 A Unit cell con- Rounded fAakes 1u X Rare
a=515b=28.96c=43 taing 6 unit .025-.154
8 = 90°20 layers
a = 5.14in O-Plane 7.2 Random stack- Tubes .07 4 0.D. 5-10 2.55-2.56 Occasional
a = 5.06 in OH-Plane ing of unit 04,4 1.D.
b = 8.93in O-Plane N cells 1 u long.
b = 8.82in OH-Plane 10.1 A Water layer Tubes 5-40 2.0 -2.2 35-7¢ Occasional
.. layers curve between
unit cells
( Q.SA—Cqmplete Dioctahedral Flakes (Equi- >104A Xuptol0u 80-150 2.35-2.7 50-120 Primary  Very Common
C\ ( JS ‘ separation dimensional) — 700-840 Secondary
9.6 A—Complete Dioctahedral Rare
/ separation
/ 0.6 A—Complete Dioctahedral Laths Breadth = 1/5 110-150 2.2 -2.7 Rare
< separation length to several
\)‘7 # X unit cell
Fulec S
9.6 A—Complete Trioctahedral To | u X unit cell 17.5 Rare
separation btasdlth = 0.02
~0lu
Trioctahedral  Similar to Mont. Bimilar to Mont. 70-00 2,24-2.30 Rare
Trioctahedral  Broad Laths 80 & Thick Rare
104 Both Dioctra-  Flakes 008 1,. X up 10-40 2.6 -3.0 85-100  Very Common
hedral and to 1
Trioctahedral
a= 534, b= 920 J( N ;- 10.5-14 Alternating Similar ro Illite 100-150 40-80 Primary Fairly Common
¢ = 28.91,8 = 93°15’ ) l 108 an 870 Secondary
double H:0
layers
Monoclinic (Mainly) 4A Similar to Illite 1u 10-40 2.6 -2.96 Common
a=153b=93
c = 28.52, ﬁ = 97°8'
Monoclinic Chain Flakes or Fibers 20-30 2.08 Rare
a=2X 118, b= 2X786
¢ = 533 Max, 4-5 i
20Sing = 12.9 by = Double Silica Laths ax, u X 20-30 Occasional
co= 5.2 haine 50-100
Width = 2t
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Table 3.3 Continued

IONIC RADII*

Nonhydrated Noohydrated Nonhydrated
Radius Hydrated Radiua Radius Hydrated Radius Radius
ION Angstroms Angstroms ION Angatroms Angstroms ION Angatroms
Lit 0.68-0.78 7.3-10.3 Ca*? 1.06-1.17 9.8 0 1.32
Na*t 0.98. 5.6- 7.90 S 1.27-1.34 9.6 OH-t 1.33

KT 1.33 3.8 5.32 Bat 1.43-1.48 8.8 Mn 0.93
NH&# 1.43 5.37 Aln 0.45-0.79 Fet++ 0.87
Rb*t 1.49 3.6- 5.090 La 1.22-1.30 Fet* 0.82
Cs*t 1.656 3.6~ 5.06 Cln 1.81

Mgt 0.78-0.89 10.8 Sit¢ 0.31-0.39

= Some deviation {rom listed Tadii may be expected in specific crystal structures.

and hydraulic conductivity behavior. Thus, miner-
alogy can be considered fundamental to the under-
standing of geotechnical properties, even though min-
eralogical determinations are not made for many
geotechnical investigations. Instead, other characteris-
tics that reflect both composition and engineering
properties, such as Atterberg limits and grain size
distribution, are determined.

Mineralogy is related to soil properties in much the

. same way as the composition and structure of cement

and aggregates are to concrete, or as the camposition
and crystal structure of a steel are to its strength and
deformability. In the case of all three of these engi-
neering materials—soil, concrete, and steel—the
mechanical properties can be measured directly, but
the properties cannot be explained without considera-
tion of mineralogy.
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CHAPTER 7

Clay—Water—Electrolyte System

7.1 INTRODUCTION

In Chapter 3 the composition, structure, and some
of the characteristics of soil minerals were described.
In Chapter 6 consideration was given to water and its
interaction with soil particles. Interactions between
soil particles, adsorbed cations, and water arise be-
cause there are unbalanced force fields at the inter-
faces between the constituents. When two particles
are brought into close proximity, their respective
force fields begin to overlap and may influence the
behavior of the system if the magnitudes of these
forces are large relative to the weights of the particles
themselves. Clay particles, because of their small size
and large surface area, are well known to be suscep-
tible to such effects.

The effects of surface force interactions and small
particle size are manifested by a variety of inter-
particle attractive and repulsive forces, which, in turn,
influence or control the flocculation—deflocculation
behavior of clays in suspension and the volume
change and strength properties of clays at void ratios
common to clay deposits encountered in engineering
practice. Since the fabric acquired by a clay deposit
at the time of formation may have a profound in-
fluence on its subsequent engineering properties, an
understanding of factors influencing flocculation—de-
flocculation behavior is of considerable usefulness.
Furthermore, postdepositional or postconstruction
changes in engineering properties may be brought
about by changes in physico-chemical forces of inter-
action.

Colloid chemistry provides a means for description
of interactions in the clay-water—electrolyte system.
In this chapter, the distributions of cations and anions
adjacent to clay surfaces are considered, and the con-
sequences in terms of particle interactions in suspen-
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sions are examined. No attempt is made to give a
rigorous treatment of colloid chemistry, emphasis is
on the development of an understanding and appre-
ciation for interactions in the systems of interest to
geotechnical engineers.

One point that is sometimes confusing is that clays
are usually treated as lyophobic (liquid-hating) or
hydrophobic (water-hating) colloids rather than as
lyophilic or hydrophilic colloids, even though water
wets clays and is adsorbed on particle surfaces. This
has resulted (van Olphen, 1963) from the need, his-
torically, to distinguish colloids, such as clay, from
colloids already termed hydrophilic, such as gums,
which exhibit such an affinity for water that they
spontaneously form a colloidal solution. Hydrophobic
colloids are now considered to be those which_are
"fiquiq dispersions of small solid particles; are two-
phase systems with a large interfacial area; have a
behavior dominated by surface forces; and can floccu-
late in the presence of 'small amounts of salt. Clay-
water—electrolyte systems satisfy all these criteria.

S e

7.2 ION DISTRIBUTIONS IN CLAY-WATER
SYSTEMS

In a dry clay, adsorbed cations are tightly held by
the negatively charged clay surfaces. Cations in excess
of those needed to neutralize the electro-negativity of
the clay particles and their associated anions are
present as salt precipitates. When the clay is placed
in water the precipitated salts go into solution. Be-
cause the adsorbed cations are 1esponsible for a much
higher concentration near the surfaces of particles,
there is a tendency for them to diffuse away in order
to equalize concentrations throughout. Their freedom
to do so, however, is restricted by the negative electric
field originating in the particle surfaces. The escaping

i
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k k-1
ZBi,k(t) = Z Bip—1(2)

This calculation is straightforward, using the recursive definition and cleverly rearranging the sums:

k k
Y Bi(t) = 3_[(1 — 9)Bijr(t) + tBir e (8)]

k=1 &
=(1-#) ) Bira(t) + Bk,k—l[t)] + 1) Bicrp-1(t) + Boypr(2)
i=0 i=1

={1-1t) ’il Bir-1(t) +1 i Bi—1,z-1(1)

k=1

k=1
=(1-1) Z By (t)+1 Z Bip1(?)

k—=1

= Z B'i:k_l[t)
i=0
(where we have utilized Bgk-1(2) = B-1,k-1() = 0).

Once we have established this equality, it is simple to write

=1 =12

éﬂi,n[t) == ;ﬂ B-i,-n—l(t) == Eﬂi,n_z[t) = ++s = ;ﬂﬂi’l(t) = (l—t)-}-t =1

The partition of unity is a very important property when utilizing Bernstein polynomials in geometric
modeling and computer graphics. In particular, for any set of points Pg, Py, ..., P, in three-dimensional

space, and for any t, the expression
P(t) = PyBy(t) + P1Bya(2)+ <+ PuByn(t)

is an affine combination of the set of points Pg, P1, ..., Ppand if 0 < £ < 1, it is a convex combination of
the points.

Degree Raising
Any of the lower-degree Bernstein polynomials (degree < n) can be expressed as a linear combination of

Bernstein polynomials of degree n. In particular, any Bernstein polynomial of degree n-1 can be written as a
linear combination of Bernstein polynomials of degree n. We first note that

4/1/97 10:38 AM
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Potential, y

0 -
0 Distance from Surface, x

Fig. 7.2 Variation of electrical potential with dis-
tance from a charged surface. Except in very unusual
cases { in soils is negative.

The concentration of ions of type ¢, n, in a force
field at equilibrium is given by the Boltzmann equa-

tion
. (Eio o El)
: Nio =
" P\ %7

where the subscript o represents the reference state,
conveniently taken to be the conditions at a large dis-
‘tance from the surface, E is the potential energy, T
is temperature (°K), and & is the Boltzmann constant
(1.38 x 10-18 erg/°K). Concentrations n, and n,, are
expressed as ions/cm3.

For ions in an electric field, the potential energy is
given by

(7.1)

E, = vy (7.2)

where v, is the ionic valence, e is the unit electronic
charge (16.0 x 10—20 coulomb or 4.8 X 10-1¢ esu),
and i is the electrical potential at the point.* Poten-
tial varies with distance from a charged surface in the
manner shown by Fig. 7.2. In clays, ¢ is negative
because of the negative surface charge. The potential
at the surface is designated as . As E,, = 0, because
V = 0 at a large distance from the surface,

Ei, — E; = —viey
®* The electrical potential y is defined as the work to bring a

positive unit charge from the reference state to the specified
point in the electric field.

and the Boltzmann equation becomes

()
ni = Nio €XP
kT

Equation (7.3) relates concentration to potential,
as illustrated by Fig. 7.3. For negatively charged clay
particles n;* > ny, and n;= < 7y,

The Poisson equation relates potential, charge, and
distance

(7.3)

o _

(7.4)

dx* D
where x is distance from the surface, p is charge den-
sity, and D is dielectric constant. The charge density
in the double layer is contributed by the ions so that

p = eZun; (7.5)
Substitution for n, from equation (7.3) gives
p = eZvinio e(—vie¥/kT) (7.6)

which when substituted into equation (7.4) yields

d_’\b_ 4xe

= — — I vinso gl—view/kT)

o D (1.7

Equation (7.7) is the general differential equation for
the electric double layer adjacent to a planar surface.
Its solution provides a basis for computation of elec-
trical potential and ion concentrations as a function
of distance from the surface.

For the case of a single cation and anion species of
equal valence, that is, i = 2,

loal = |2 = v, 0t = no"

o

Anion Distribution
Cation Distribution

ey = im g e
/ —vey =+
¥ —uyey Negative 0 — ey Positive ¥

Fig. 7.3 Ionic concentrations in a potential field
according to the Boltzmann equation.




equation (7.7) simplifies to the Poisson-Boltzmann
,equation

o

diy L, ovey
dx—2 = sinh k—T-ﬂ? ; (7.8)

for which solutions are available (Verwey and Over-
beek, 1948; Bolt and Peech, 1953; Bolt, 1955a, 1956;
Babcock, 1963; van Olphen, 1963).

As the influence of ions of the same sign as the sur-
face charge (termed co-ions) is not very important
(van Olphen, 1963, p. 252), the solutions can be
applied to a good approximation when : = 2, but
|v4| # |v-|- In the case where there is more than one
counterion species (ions of the opposite sign as the
surface charge, cations in the case of clays) the anal-
ysis is more complex, but some solutions are avail-
able. A few of the solutions are given here (Bolt,
19554, 1956; van Olphen, 1963, and Collis-George
and Bozeman, 1970).

There is a difference between the boundary condi-
tions assumed for many classical colloid chemical
treatments of the double layer and those appropriate
for clays. In many systems, behavior is dictated in
terms of a constant surface potential, which is con-
trolled by the concentration of “potential-determin-
ing ions” in solution. A similar condition may hold

;) for double layers that form on the edges of clay par-
ticles, as the solution characteristics control the asso-
ciation and dissociation of alumina in the edges of the
octahedral sheets. However, the clay surfaces, which
provide by far the major part of the surface area,
exhibit a constant surface charge, determined by the
isomorphous substitution in the clay structure. Solu-
tions appropriate to the case of constant surface
charge are given here; van Olphen (1963) compares
the two solutions for some simple cases.

Single diffuse double layer

Solutions are commonly given in terms of the
dimensionless quantities

vey

= - H‘y\ﬁ
7= %T w, 0o v
V\V {/(4 (23
L=t (7.9)
kT
and
£'= Kx
where
2
K? = (cm™2) (7.10)
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In terms of these variables equation (7.8) becomes

d?

ﬁ = sinh y
Boundary conditions for the first integration are that
for ¢ = «,y =0, and dy/d ¢ = 0. Thus,

4
Y _2nh (i>
dE 2

The boundary condition for the second integration is
that for ¢ = 0, y = z (y = ), which leads to

(7.11)

(7.12)

ell/2 = 7

Equation (7.13) describes a roughly exponential decay
of potential with distance from a surface at given
potential (y, ~ ).

In the case where the surface potential is small (less
than about 25 mV), veys/kT <<, and equation (7.8)
may be approximated by

A _

o K% (7.14)
where

¥ = poe k= (7.15)

and the potential decreases purely exponentially with
distance. In this case, the center of gravity; of the
diffuse charge is located at a distance x = 1/K from
the surface. Consequently, the quantity (1/K) is
often referred to as the “thickness’ of the double
layer.

The double layer charge is given by

¢ = —/ p dx (7.16)
0
and, using the Poisson equation, we obtain ¢ t)
D [~ d% D dw)
= — dx = — —{— 7.17
7 47 Jo dx? ¥ 41r<a'x T=0 ( )
sl of the ial function at the sur
dx can be from equation (7.12), 1
ing to ol
2noDET\?
¢ = ( fo ) sinh (7.18)
™
for the general case, and to
o= (%) (7.19)
4T
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4
Imaginary Plane of Infinite Chaige
and Potential

Surface of Clay Plate

A
E— g = Kix —xg)
t=Kx

Fig. 7.4 Potential vs. distance relationship used to
develop equation (7.20).

for the case of small Y, With the relationship be-
tween concentration and potential defined by equa-
tion (7.3), that between potential and distance by equa-
tion (7.13) or (7.15), and charge and surface potential
related by equation (7.18) or (7.19), the double layer
is completely described, provided the solution con-
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0
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centration n,, cation valence v, and either the surface
charge o or surface potential s, are known.

A somewhat simpler relationship between potential
and distance than equation (7.13) can be obtained
(Bolt, 1955a) by choosing the zero point for the ¢
axis at an imaginary plane, a distance x, behind the
true surface, where the potential reaches infinity (Fig.

7.4). This gives
_ £
= coth? ? (7.20)

(7.21)

exp(—y)

o = Kx,= —

where ¢, is the concentration at a large distance from
the surface in mmole/cm?® (= 1000n,/N where N is
Avogadro’s number) and I is the surface charge den-
sity in meq/cm? (cation exchange capacity per specific
surface). The relationship between the dimensionless
potential function y and the dimensionless distance
function ¢, as given by equation (7.20), is plotted in
Fig. 7.5. Equation (7.21) is an tion that is

valid for high ca or r. er
s,
4
= — 7.22
* = 87 (7.22)

where g8 = 87F2/1000DRT ~ 1 X 10 cm/mmole at
20°C, F is the Faraday constant, and R is the gas con-

= re¥

Y T 5T

t = Kx = Distance from Imaginary
Plane where ), y = oo

£~y = Klx — vq) = Real Distance
Function

0.3 A <y <4 A (see text)

12
c(

0.50 10 50 100

Distance Function, £ = Kx

Fig. 7.5 Potential function vs. distance function for a single double layer



stant-kN. According to Bolt (1956), x, can be approx-
_imated by l/v A for illite, 2/v A for kaolinite, and
4/v A for montmorillonite. It is evident from these
values that the correction required to the distance
functions to account for the distance to the imaginary
plane where ¢ = oo is small.

Although the case of a single diffuse double layer
is not representative of the physical conditions in
most actual clay systems because double layers of ad-
jacent particles will usually overlap, the solutions are

Ch.7 Clay—Water—Electrolyte System 117

useful in practice to provide estimates of thickness of
diffuse layer, surface potentials, and effects of changes
in solution composition.

Interacting double layers

The potential and charge distributions for the case
of interacting double layers from parallel flat plates,
separated at distance 2d are shown in Fig. 7.6. The
potential function at the midplane, y = veysy/kT, is
denoted by u, and the integration boundary condi-

I )
p i
1 |
2 Vo Vo l]
| | Imaginary Plane I
I of Infinllle
| Potential ]
| N
l 1
| |
|
i I
| e |
e | i d | .
.__; 2 l'q——- o
!
| X
d d |
I I
\ y
i |
| |
| 5
l
2 | Cation | n
|
| |
{ : |
l
| :“ +=; Anions |
| ] |-

Fig. 7.6 Potential and charge distributions for interacting - double
layers from parallel flat plates. (a) Potential. (b) Charge.
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tions for equation (7.11) are that for ¢ = Kd, y = u,
and dy/d¢ = O. The second integration using the
boundary condition imposed on equation (7.12) leads
to

i d
/ (2 cosh y — 2 cosh u)~'/%dy = —/ dt¢ = —Kd

z 0
(7.23)

The integral in equation (7.23) can be evaluated
using tables to give the midplane potential (from u)
for given values of surface potential 2d and K. Corre-
sponding values of Kd, z, and u are given by Verwey
and Overbeek (1948), which are useful for compu-
tation of midplane potentials as a function of varia-
tions in plate distance and electrolyte concentration
for the case of constant surface potential. Convenient
tabulations for conditions of constant surface charge
are given by van Olphen (1963).

For small interactions, that is, for large values of
Kd, as would be the case for large plate separation,
high n, high v, or small s, the midplane potential
can be taken as the sum of the double layer poten-
tials at distance d based on the solutions for a single
plate, that is,

u = 2 (7.24)

Concentrations at the midplane can be obtained from
Boltzmann's equation:

n_ = nge and ny = nee™™ (7.25)

Alternatively, midplane concentrations ¢, may be
computed using the following equation (Bolt, 1956):

1/2 /2
v(Bo) 2(xo + d) = 2(7) / £
]

P =oll = (co/cc)? sin? ¢p)t/2
(7.26)

where all terms are previously defined. Values for the
complete elliptic integral are given in standard tables.

The preceeding solutions all have been developed
for systems containing a single cation species; how-
ever, as in the case of the single double layer, they are
applicable to systems where v, # v_, because the co-
ions have little influence on the results. For systems
containing mixed valent cations (e.g., Na+ and Ca2+),
;g_he___t_:_q uations are not applicable.

Collis-George and Bozeman (1970) have developed
a double layer equation for heterovalent systems ap-
plicable to the case of constant surface charge. It
shows that in a clay containing both monovalent and

divalent cations there is a much greater concentration
of divalent cations than monoyalent cations-near-the,
particle surface even if the concentration of mono-
valent ions is much greater in the bulk solution,

" Since the overlap of double layers of the same sign
is potentially the source of an interparticle repulsion,
it is reasonable to inquire if double layers in typical
soils are sufficiently thick that interactions between
those of adjacent particles can occur. If the quantity
1/K is taken as the ‘“thickness” of the double layer,
then values of 10 A in a 0.1 M solution of monovalent
cation, increasing to 100 A in a 0.001 M solution are
obtained. For water distributed uniformly on surfaces
of clay particles, the water layer thickness is equal to
half the particle spacing or d in Fig. 7.5. This thick-
ness is given by the water content (cm3/g) divided by
the surface area (cm?/g). For a water content of 50
percent and a specific surface in the range of 50 to 300
m2/g, values of d from 17 to 100 A are obtained, indi-
cating that spacings are likely to be well within the
range where interactions are important. In fact, in
many cases, spacings may be small due to nonparal-
lelism of particles, and the effects of other types of
interparticle forces, including physical interactions
between particles, may override the influences of
double layer interactions.

Nonetheless, relationships of the type developed in
this section are useful for understanding long range
forces that control flocculation—deflocculation be-
havior, for study of swelling properties, and for
analysis of some aspects of ion exchange.

7.4 INFLUENCES OF SYSTEM VARIABLES
ON THE DOUBLE LAYER ACCORDING TO
THE GOUY THEORY

Computations of ionic and potential distributions
adjacent to charged surfaces show that the thickness
of the double layer is sensitive to variations in surface
charge density o or surface potential s, electrolyte
concentration n,, cation valence v, dielectric constant
of the medium D, and temperature T. An approxi-
mate quantitative indication of the influences of these
factors can be seen in terms of the “thickness” of the
double layer as given by

L -t ( DkT )1/2
K \8mnpeo?

From this relationship it may be noted that the
thickness decreases inversely as the valence and the
square root of the concentration and that it increases

(7.27)




with the square root of dielectric constant and tem-

“erature, other factors remaining constant.

‘Since the long range interparticle repulsive force
depends on the amount of overlap or interaction be-
tween adjacent double layers, one can estimate the
probable influences on behavior that result from
changes in the system variables. In general, the
thicker the double layer the less the tendency for
particles in suspension to flocculate and the higher
the swelling pressure in cohesive soils.

A numerical example is helpful for the quantitative
illustration of the influence of system variables, Con-
centrations and potential distributions in single
double layers will be developed using the relation-
ships given in the previous section, and midplane
concentrations and potentials are computed using
Table I1I-2 of van Olphen (1963). The following con-
ditions are assumed for the example: a montmoril-
lonite clay with a specific surface of 800 m?/g and a
cation exchange capacity of 83 meq/100 g, constant
surface charge, and solutions of 0.83 x 10—* M
NaCl, 0.83 x 10-2 M NaCl, 0.83 x 10—+ M CaCl, in
water and 0.83 x 10—+ CaCl, in water and 0.83 X
10—4 M NaCl in ethyl alcohol.

The following constants are needed: N = Avo-
gadro’s number = 6.02 X 102 ions/mole; k = 1.38 X
10-16 ergs/°K; ¢ = 4.80 x 10—1° esu; Dyqr = 80;
élnd Detllyl alcohol — 24.3.

The surface charge density is

_ 0.83 meq/g
~ 800 m?/g
0.83

s (meq/m?) X (m?/10% cm?)

0.1035 X 10¢ (meq/cm?)

I

F
=T X —— = 0.1035 X 10~% (meq/cm?)

T 1000
X (96.5 coulomb/meq)
= 10.0 X 10~¢ coulomb/cm?
¢ = 10.0 X 10~% coulomb/cm? + 3.33

X 10~ coulomb/esu

3.0 X 104 esu/cm?

Effect of electrolyte concentration

A concentration change from 0.83 x 10—¢ M NaCl
to 0.83 x 10—2 M NaCl in water solution is con-
sidered. n, is the molarity X N x 10—3% ions/cm? and
is equal to 6.02 x 1020 M ions/cm3; AT is equal to
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04 x 10-15 ergs at 290°K (17°C). For 0.83 x 10-¢ M
NaCl,

no = 5.0 X 10! jons/cm?

Kt — 8rngee® _ 8r X 5.0 X 10' X (4.8 X 10~19)? )(1’
T DkT 80 X 0.4 X 101
=90 X 10

K =30 X 10°cm™!

1

x = “thickness” of double layer = 3.33 X 10=% cm
=333 A

and for 0.83 x 10—2 .M NaCl,

5.0 X 10 jons/cm?®
K =30 X 108 cm™!

=
=)
Il

—_ — “thickness” = 3.33 X 10~7 cm = 33.3 A

The surface potential is given by equation (7.18).

<2nochT)”2 . ( z )
o= sinh| —
T 2

3.0 X 10‘(

T 1/2
2 X 80 X 0.4 X 1o-l=>

=

[=]

=t
N
MlN
SN—

Il

3.0 X 10 .
= W (49.1 x 1010)‘/'
2,10 X 1010

. k4
mnh(E) ()2

For 0.83 x 10—* M NaCl

Z
inh{ =
sin <2>

2.10 X 1010 2.10 X 104
(5.0 X 101)V2 — 2,23 X 108
= 0.94 X 102 = 94

2 _ v _ 935
2 T %T
z = 1047
kTz 04 X 1078

Yo = o = 1 X 480 X 100
X 300* X 10° X 10.47 = 262 mV

The corresponding values for 0.83 x 10—* M NaCl

are
2
sinh { —) =94
sin <2>

* 1.0 esu of electrical potential is 299.79 V'
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charge density. Furthermore, because we are dealing
with a constant surface charge, the number of excess
cations plus deficient anions in region ACD must
equal that in region A'C'D’.

When the same systems are analyzed in terms of
interacting parallel plates using van Olphen’s (1963)
tabulations, the results for surface and midplane
potentials and concentrations as a function of plate
spacing (2d) are as shown in Figs. 7.9 and 7.10. Values
of water content are shown corresponding to half the
plate spacings. The average value of half the plate
spacing is given by the thickness of the water layer on
each surface, or the water content divided by the
specific surface, as noted earlier.

Figure 7.9 shows that interparticle spacing has
essentially no influence on the surface potential ex-
cept for half distances less than about 20 A. The mid-

plane potential, however, is very sensitive to both
spacing and concentration. Figure 7.10 indicates that
interactions extend to much greater particle spacings
for the low electrolyte concentration system. One
mechanism of clay swelling is related to double layer
interactions (Chapter 13), and higher swell pressures
are associated with greater interactions. Thus, swell-
ing behavior depends in part on the electrolyte con-
centration.

Effect of cation valence

For solutions of the same molarity and a constant
surface charge, a change in cation valence affects both
the surface potential and the thickness of the double
layer. The surface potential function z computed
from equation (7.18) is independent of valence. Thus,
for the example considered (0.83 x 10—¢ M NaCl and

Water Content (%)

1600 2400

300+

Montmoriilonite: cec = 83 meq/100 g

Specific Surface = 800 m2/g

250 /
Vo

¢y = 0.83 X 10-4 M NaCl

wc
200

Potential (mV)

150

100

50

"‘1?0.‘_— .

2?0 3?0 (A)

0 1 X 10-€

2X 10-6 3 X 10-6 {cm)

Half Distance Between Plates

Fig. 7.9 Effect of electrolyte concentration on surface and midplane potentials
for interacting parallel plates.
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Fig. 7.10 Effect of electrolyte concentration on midplane concentration—parallel

plates.

CaCl,, n = 5 x 1018 jons/cm3), z is equal to 10.47, as

3X10-6 (cm)

1 1

computed previously. As i, varies inversely as v, the
surface potential in the CaCl, system will be half that
of the NaCl system, that is, ({r))ne = 262 mV, (Yo)ca =
131 mV. The eftect of valence on double layer thick-
ness can be seen through its effect on 1/K from equa-
tion (7.10)

—_—  —

K v
The distributions of Na+ and Ca®+ are shown in
Fig. 7.11. It also follows that an increase in valence
will suppress the midplane concentrations and poten-
tial between interacting plates, thus leading to a de-
crease in interplate repulsion.



The preferential adsorption of multivalent ions,
which is a well-established experimental fact, also
predicted by the theory of Collis—-George and Boze-
man cited previously, means that even relatively small
amounts of di- or trivalent cations added to clay-
water-monovalent electrolyte systems can have a sig-
nificant influence on physical properties.

Effect of dielectric constant

The dielectric constant of the electrolyte—pore fluid
system should influence both the surface potential
and the double layer thickness. In dealing with a con-
stant surface charge, the surface potential function
will increase as D decreases, according to

" z) T\
S (2 - (mka) d

For a 0.83 x 10—% M solution of NaCl in ethyl alco-
hol (D = 24.3) as opposed to water (D = 80),

. b4 80 \v?
sinh (?> = 94 X (24.3> = 170

Deﬂlo

(7.28)

4
5 = iT - 5.83
z = 11.66
and
Yo = 292 mV

are obtained as compared with 262mV with water.
The effect of dielectric constant on thickness of the
double layer is given by

1
2« D2
K o«

so that with alcohol as the dielectric the layer will be
reduced in thickness by a factor of (24.3/80)!/% or 0.55.

Detailed consideration of the influences of dielec-
tric constant may seem academic because the pore
fluid in soils usually is water, but there may be special
instances where liquids such as oil and waste chem-
icals are the pore fluid. The dielectric constant of
these materials is different from that of normal water.

Effect of temperature

According to equﬁtions (7.18) and (7.27), an increase
in temperature causes an increase in double layer
thickness and a decrease in surface potential for a
constant surface charge all other factors constant.

Ch.7 Clay—Water—Electrolyte System 125

However, an increase in temperature results also in a
decrease in the dielectric constant. The following tab-
ulation shows the nature of the variation for water.

T(°C) T(°K) Dielectric Constant (D) DT

0 273 88 2.40 x 104
20 293 80 2.34 x 104
25 298 78.5 2.34 x 104
60 333 66 2.20 x 10¢

The small variation of the product DT with change
in temperature means, theoretically, that the double
layer should not be influenced greatly. This assumes,
of course, that the values of the dielectric constant
are unaffected by particle surface forces and ionic
concentration. It also accounts, in part, for apparent
contradictory findings reported in the literature on
the effects of temperature change on such soil prop-
erties as strength, compressibility, and swelling.

7.5 SHORTCOMINGS OF DOUBLE LAYER
THEORY AND ADDITIONAL FACTORS
INFLUENCING BEHAVIOR

The validity of the Gouy—-Chapman theory may be
examined in at least two ways: in terms of its com-
pleteness in taking into account factors likely to in-
fluence behavior, and in terms of its ability to de-
scribe observed behavior. The first of these is con-
sidered here, and the second is examined in several
places in later chapters.

Effects of secondary energy terms

Several energy terms should be important in real
systems (Bolt, 1955a). These are the effect of the elec-
trical field strength on the dielectric constant, cou-
lombic interaction between the ions, and short range
repulsion between the surface and ions. The results
from a corrected theory are almost the same as those
from the simple theory for double layer interaction,
although a corrected theory is more suitable for
description of ion exchange.

Adsorbed water effects

The effects of the electric field and water structure
on the water pressure in the double layer may be im-
portant (Low, 1961; Ravina and Zaslavsky, 1972), and
this may influence behavior. Some revision of the
theory has been proposed to take these effects into
account.
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" effect of ion size—The Stern layer

The application of the relationships presented in
the last section to some systems may lead to 1mpos-

This is because the theory deals with point charges;
whereas, ions are of finite size. Thus, the actual con-

The hydrated radii of some cations in soils

are:
Ion Hydrated Radius &)
Lit+ 7.3-10.0
Na+ 5.6 7.9
K+ 3.8- 5.3
NH+ 5.4
Rb+ 3.6— 5.1
Cat 3.6— 5.0
Mg?+ 10.8
Ca?+ 9.6
Sr2+ 9.6
Bazt 8.8

The effect of pH

Clay particles may have hydroxyl (OH) exposed on
their surfaces and edges. The tendency for the hy-
droxyl to dissociate,

SiOH ®9, si0- + Hf

is strongly influenced by the pH*; the higher the pH,
the greater the tendency for the H* to go into solu-

*pH=  pH< 7_acid—high H* concentia-

tion, and pH > 7_basic—low H* concentration,

vs
\
\
\
\
\
> Diffuse Lavyer
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§ Stern Lavyer
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Fig. 7.12 Effect of Stern layer on cation concentra-
tion and double layer potential.

tion, and the greater the effective negative charge of



Because of both of these considerations, pH plays
a very important role in the behavior of clay suspen-
sions. A low pH promotes a positive edge to negative
surface interaction, often leading to flocculation from
suspension. Stable suspensions or dispersions of clay
particles often require high pH conditions. While a
proper understanding of the behavior of many clay-
water systems cannot be obtained without considera-
tion of the influences of pH, quantitative relation-
ships for doing so do not appear to be available at
present.

Effects of anion adsorption

The theory as developed assumes attraction of
cations to the negatively charged clay surfaces and re-
pulsion of all anions, leading to concentration distri-
butions of the type shown in Fig. 7.8. There may be
situations, however, where specific anions are attracted
to and essentially become part of particle surfaces or
edges, thereby increasing the electronegativity.

Attraction of anions, particularly those such as
phosphate, arsenate, and borate, which have about
the same size and geometry as the silica tetrahedron,
appears well established. Phosphates, in particular,
seem strongly attracted, as certain of the phosphate
compounds are among the most effective deflocculat-
ing agents for soil suspensions. Little is known about
whether or not clays can have anion exchange spots
on basal surfaces, although replacement of (OH)— is
a plausible mechanism.

7.6 ENERGY AND FORCE OF REPULSION

Knowledge of the potential and charge distribu-
tions between interacting double layers can be used
to compute the energy and force of electrostatic re-
pulsion per unit area of plate. The repulsive energy
Vg is given by

Ve = 2(F3 — Fy) (7.29)

where F, is the free energy of the double layer per
unit area at a plate spacing of 2d, and F« is the free
energy of a single noninteracting double layer. Tab-
ulations of Fyq and F« for the constant surface poten-
tial case are available (Verwey and Overbeek, 1948).

The repulsive force per unit area (repulsive pres-
sure) can be computed as the difference in osmotic
pressure (see Chapter 13) midway between plates rela-
tive to that in the equilibrium solution. The osmotic
pressure difference depends directly on the difference
in numbers of ions in the two regions, that is,
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p = nt 4+ nm — (nt + )
Sopox neet — ng 4 mee™* — ng = 2np (cosh u — 1)

The resulting equation is (van Olphen, 1963)

p = 2nkT (coshu — 1) (7.30)

which is valid for both constant charge and constant
potential surfaces, with u computed for the appro-
priate condition. A corresponding equation may be
written using Bolt's formulation or equation (7.26).
These relationships have been used, with varying
degrees of success, as a basis for the physico-chemical
description of clay swelling, and are considered fur-
ther in Chapter 13.

7.7 LONG RANGE ATTRACTION

Fluctuating dipole bonds (van der Waals forces) act
between all units of matter and are the source of
attraction between colloidal particles (Section 2.4).
The attractive energy between pairs of molecules ¥,
(London, 1937) was extended by Casimir and Polder
(1948) to obtain the attraction between parallel plates
by assuming interaction to be additive. The following
equation was obtained:

V__|:A1+ 1 3 2
S 48r 42 ' (d +8)2 (4 + 8/2)2

} (7.30)

where d is the half distance between plates measured
from the plane of surface layer atoms, o is the thick-
ness of the plate measured between the same planes,
and 4 is the van der Waals constant, which is in the
range 10—11 to 10— ergs. van Olphen (1963) suggests
4 to be of the order of 10-1!%; whereas, Derjaguin
(1960) considers 5 x 10—'* a more reasonable value.
Equation (7.30) has been widely used in conjunction
with relationships for repulsion as a function of dis-
tance for the development of net curves of interaction
between parallel plates (Verwey and Overbeek, 1948).

Later work, e.g., Lifshitz (1955), Derjaguin (1960),
has shown that the van der Waals forces are electro-
magnetic, and that the instantaneous electric moment
is frequency dependent. As a result the Casimir-Polder
theory is invalid but is a good approximation for
particle separations less than about 1000 A. The
Lifshitz theory (Lifshitz, 1955; Dyzaloshinskii et al.,
1961) applies for all particle separations. The general
results of these theories (Ingles, 1962) are that the at-
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tractive forces are dependent on distance according to

Casimir-Polder Theory F,a Ak
d3
Lifshitz Theory Foa Pd;li

where A, B, k and k’ are constants. A is of the order
of 10—13erg and B, an analytically deducible constant,
is of the order of 10-1%rg-cm. Black et al (1960) de-
termined a force per cm? between parallel quartz
plates given by

(7.31)

where d, is separation distance in um and

C = 1.0 X 10-3 to 2.0 X 10—3 (experimental)

C = 0.6 X 10-% to 1.6 x 10—3 (theoretical—
Lifshitz theory)

The close agreement between theory and experiment
is encouraging, as past results were often in conflict.

For the general case of two bodies separated by a
medium, the complex dielectric constant must be
known for the full range of frequencies. Although the
resulting equations are complicated, some simplifica-
tion is possible in certain cases (Dzyaloshinskii et al,
1961). For two clay particles having static dielectric
constants D,,, separated at distance d by a pore fluid
having a static dielectric constant Dy, the following

r he 1

relationship is obtained
Fpb=—r— — o 7.32
* 7 480 d* /Dy ( > (7.32)

where h is Planck’s constant and c is the velocity of
light. The function ® (D,o/Dg,) is shown in Fig. 7.13.
The static dielectric constant of clay particles Dy, is
approximately 4.0.

Evaluation of the coefficient of 1/d*4 in equation
(7.32) (which is the same as C in equation (7.31)), as a
function of the dielectric constant of the medium
separating particles Dgo, for d in um, gives the result
shown in Fig. 7.14. Thus, according to the Lifshitz
theory the dielectric constant of the pore fluid in a
clay should influence the attractive forces in the
manner shown.

As interparticle repulsions due to double layer
interactions increase monotonically (1/K a D'/2) with
increasing dielectric constant, the net force of inter-
action should vary in the manner shown in Fig. 7.15
(Moore and Mitchell, 1974). Figure 7.16 shows the

08

® (Dyg/Dap)
o
(o]

(=1
BN

02

0 02 0.4 06 08 1.0
Dyo/Dy
Fig. 7.13 Dielectric constant function for attractive
force calculation by Lifshitz theory (After Dazalo-
shinskii, Lifshitz, and Pitaevskii, 1961).

variation of undrained strength (normalized to that
with water as the pore fluid) with dielectric constant
of the pore fluid for three series of tests on kaolinite.
In each case, samples were consolidated initially in
water, followed by leaching with water-miscible pore
fluids. Since it seems reasonable that strength should
depend on the net attractive force between particles,
and the variation in strength with Dy, is similar to

1.0
0.8
0.6
C
B
F, = 7 X 10-9 N/m2
0.4 7yt "
dy in pm
0.2
0
20 40 60 80 100 120

Dielectric Constant of Pore Fiuid, Dy,

Fig. 7.14 Effect of dielectric constant of the pore
fluid on van der Waals attraction.
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that of the van der Waals attraction (Figs. 7.14 to
7.16), there appears some support for the use of the
Lifshitz theory for van der Waals forces in clay
systems.

Although a condition of perfectly parallel plates is
not a probable particle arrangement in a clay soil,
. and particle corners, edges, and asperities are likely to
" be in contact with adjacent particles, the average par-
ticle surface to particle surface distance should be
great enough (a few tenths of a micrometer or more)
to justify application of the Lifshitz theory. It should
be noted also that for the case of interatcion of a
flat plate and one or two spheres the attractive force
decays as 1/d® instead of 1/d* (Ingles, 1962).

7.8 NET ENERGY AND FORCE OF
INTERACTION

Double layer repulsions and van der Waals electro-
magnetic attractions combine in the manner shown
schematically in Fig. 7.17. The energy of repulsion is
sensitive to changes in electrolyte concentration,
cation valence, dielectric constant, and pH; whereas,
the attractive energy is sensitive only to changes in
the dielectric constant and temperature. In cases
where the net curve of interaction exhibits a high
repulsive energy barrier, particles in suspension are
prevented from close approach, and the suspension
will be stable. In cases where the repulsive energy
barrier does not exist, particles are drawn into close
proximity and flocculation results, represented by
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Fig. 7.16 Effect of the dielectric constant of the pore
fluid on the strength of Peerless #2 kaolinite.

the minima in the energy curves. In this case, flocs of
several particles settle together from suspension.
The character of the net curve of interaction may
have a major influence on the particle arrangements
in sedimented deposits of clay. Changes in system
chemistry, which in turn can cause changes in the net
curve of interaction, may have important conse-
quences in terms of the behavior of the soil when
disturbed or subjected to the action of flowing water.

7.9 CATION EXCHANGE-GENERAL
CONSIDERATIONS

From the considerations in Section 7.5, it is appar-
ent that the type and amount of different cations in
a clay-water-electrolyte system have a major influence
on double layer interactions. Changes in these inter-
actions may lead to changes in physical and physico-
chemical properties. Under a given set of environ-
mental conditions (temperature, pressure, pH, total
electrolyte concentration), a clay adsorbs cations with
a fixed total charge. Exchange reactions involve re-
placement of these ions with a group of different ions
having the same total charge. The exchange of ions
of one type by ions of another type does not affect
the structure of clay particles themselves.

Common ions in soils

The most commonly found cations in soils are cal-
cium (Ca%+), magnesium (Mg2+), sodium (Na+), and
potassium (K+), usually in that decreasing order of
abundance for residual and nonmarine sedimentary
soils. The commonest anions in soils are sulfate
(804*-), chloride (Cl-), phosphate (PO,3~) and
nitrate (NO;~).



equal, trivalent cations are held more tightly than
divalent, and divalent more tightly than monovalent.
Ordinarily small cations tend to displace large cations.
A typical replaceability series is

Na* < Lit < K* < Rb* < Cst <Mg?* < Ca?

< Ba** < Cu* < AP* < Fet+ < Tht+ 3

N
It is possible, however, to displace a cation of high
replacing power, such as A3+, by one of low replac-
ing power, such as Na+, by mass action, wherein the
concentration of sodium in solution is made very high
relative to that of aluminum.

Rate of exchange

The rate of exchange varies with clay type, solu-
tion concentrations, temperature, and so on. In gen-
eral, however, exchange reactions in the kaolin min-
erals are almost instantaneous. In illites, a few hours
may be needed for completion, because a small part
of the exchange capacity may be between unit layers.
A longer time is required in the smectites, because the
major part of the exchange capacity is located in the
interlayer region.

Organic ions

Organic anions and cations may be adsorbed by
clays as well as inorganic ions, and both exchange
adsorption and adsorption onto particle surfaces in
place of previously adsorbed water molecules may
occur (van Olphen, 1963). Although clay-organic re-
actions have not been studied extensively by engi-
neers, they are of importance in the technology of
drilling fluids, in stability control of clay suspensions,
in the manufacture of lubricants as flocculation aids,
in soil stabilization, and in soil conditioners for agri-
cultural purposes.

7.10 STABILITY OF ADSORBED ION
COMPLEXES ON CLAYS

Ion exchange reactions usually occur in aqueous
environment; however, clays can also take ions from
trace concentrations in solution of rather insoluble
substances by exchange and adsorption reactions, even
when little water is present. The deterioration of clay
samples after prolonged storage in Shelby tubes is a
good example of, this. The process, sometimes termed
galvanic action, involves adsorption by the clay min-
erals of iron ions as soon as they pass into solution
from the tube. Because the clay takes up the iron ions
quickly there remains a tendency for further solution
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of the metal tube, so the process continues. The result

is that after some weeks o the clay i
tact with the sample tube , and no
representative of the in si al. Hence,

have been published in which a clay was reported as
a “hydrogen clay,” in that special treatments had been
used in an attempt to make the clay homoionic in

sequent work has shown that after preparation of
“hydrogen clays,” aluminum ions move from octa-

hedral la th
from the n

Findin d
temp Iso
raise of
clay di-

tions. The selectivity of clay surfaces for different ions
in mixed ion systems is temperature-dependent. Bis-
choff, Greer, and Luistro (1970) found that the com-
position of the interstitial waters of a clayey marine
sediment was altered as a result of a change in tem
perature from 5°C at the ocean bottom to 22.5°C in
the laboratory, as shown in Fig. 7.18. As the free pore
water concentrations of potassium and chlorine were
increased by 13 and 1.4 percent, respectively, whereas
magnesium and calcium were depleted by 2.5 and 4.9
percent, it can be inferred that the proportions of
these constituents in the exchange complex were
changed in the opposite direccion.

Fanning and Pilson (1971) lound that the inter-
stitial silica concentration in water squeezed from a
marine sediment was 51 percent higher after warming
o a temperature 20°C greater than the in situ value,
and the pH was also slightly higher. It would appear,
therefore, that until the effects of temperature change
on the chemistry of fine-grained soils are better under-
stood, testing at in situ temperature would be de-
sirable.

7.11 THEORIES OF I0ON EXCHANGE

A number of theories have been proposed for the
quantitative description of the equilibrium concen-
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Fig. 7.18 Effect of temperature change on composition of interstitial water

of a marine sediment (Bischoff, Greer, and Luistro, 1970). Relationship of

depth to concentrations (in parts per thousand) of chloride, potassium, mag-

nesium, and calcium in interstitial water from the San Pedro basin; 4 refers

to samples squeezed at in situ temperature 5.0°C), and B refers to those

equilibrated to laboratory temperature (22.5°C) for 1 hr prior to squeezing.
Core location, 33°28’12”N, 118°2(0/09"W; water depth, 950 m.

trations of different cations in the adsorbed layer in
terms of concentrations in the bulk solution. Ap-
proaches to the problem have included application of
the mass law, kinetic theory, Donnan theory, and
double layer theory. None has been completely satis-
factory because of the great complexity of the system
and the large number of variables involved.

Approaches based on double layer theory (Bolt,
19556; van Olphen, 1963; Bolt and Page, 1965) and
on the mass law appear to have given the best results.
In the case of mixed cations of the same valence,
double layer theory predicts the ratio of counterion
concentrations in the double layer to be the same as
in the equilibrium solution. Because of differences in
ion size and specific interaction energies, however,
substantial deviations may exist.

From
George
divalent

in the double la

um well with experi-
mental observations. For practical purposes the
Gapon equation is useful for assessing the proportions
‘of monovalent and divalent ions, except in highly
acid soils.

If the subscript s refers to the exchange complex of
the soil, the subscript e refers to the equilibrium solu-
tion, M and N are monovalent ion concentrations,
and P refers to the concentration of divalent ions,

cations is much h

then
M+ M+
(F)-e(5).  om
M+
( prr ). = ko [ e (7.34)

where k; and k, are selectivity constants. The rela-
tionships given by equations (7.33) and (7.34) are in-



corporated in the statement of Schofield’s ratio law,
which is: A change in bulk solution concentration
will not change the adsorbed ion equilibrium if the
concentration of monovalent ions is changed in one
ratio, the concentration of divalent ions in the square
of that ratio, and the concentration of trivalent ions
in the cube of that ratio.

As an example, if the proportions of Na+ and Ca2+
in the adsorbed complex are equal, and the concen-
tration of Nat in the free solution is doubled, then
the concentration of Ca2+ in the free solution must
be quadrupled if the proportions of adsorbed ions
are to remain the same.

A useful practical form of the Gapon equation is

Na* Nat
(m). =k [[(Ca“‘ + Mgﬂ)mml (7.35)

where concentrations are in milliequivalents per liter.
The quantity

Na* "

is termed the sodium adsorption ratio (SAR). It can
be determined by chemical analysis of the pore water
(saturation extract). The selectivity constant k has
been found to have a value of 0.017 for a wide range
of soils. Thus, for these soils, if the composition of
the pore fluid is known, the relative amounts of
monovalent and divalent ions in the adsorbed cation
complex can be estimated.

The proportion of sodium in the adsorbed layer has
an important bearing on the structural status of a
soil, and is often described in terms of the exchange-
able sodium percentage (ESP), defined by

(Nat),

— X 100 (7.37)
total exchange capacity

"ESP =

The results of a number of studies (e.g., Richards,
1954; Aitchison and Wood, 1965; Ingles, 1968; Ingles
and Aitchison, 1969; Sherard, Decker, and Ryker,
1972a; and Arulanandan et al., 1973) have indicated
that the ESP and the SAR provide a good indication
of the stability of clay soil structure to breakdown
and particle dispersion, at least in the case of non-
marine clays. Soils with ESP greater than about 2 per-
cent are susceptible to spontaneous dispersion in
water. Both acid and alkaline soils may be dispersive,
as well as many soils with very high porewater salt
contents, up to and exceeding 100 meq./liter.
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Fig. 7.19 Correlation between exchangeable sodium
percentage and sodium adsorption ratio (Sherard,
Decker, and Ryker, 1972).

For most soils the SAR and ESP are uniquely re-
lated, as may be seen by manipulation of equations
(7.36) and (7.37), and from the test data (Sherard,
Decker, and Ryker, 1972a, and Richards, 1954) shown
in Fig. 7.19. Since the SAR is more easily determined
than is the ESP, it is more widely used in practice.

7.12 ANION EXCHANGE

Clays may contain anion exchange sites, although
little is known about them. Certainly, in low pH sys-
tems where particle edges are charged positively,
anion adsorption would be expected. Tannates are
widely used to improve the stability of drilling fluids
(van Olphen, 1963). The tannate anions are adsorbed
at particle edges by complexing with the exposed
octahedral aluminum ions. This leads to a reversal
in edge charge from positive to negative and prevents
edge-to-face flocculation,

Sodium polyphosphates are effective soil dispers-
ants, which have had application in soil engineering
(Lambe, 1954b) for the construction of high density,
low permeability clay blankets for use as storage reser-
voir liners. A major factor controlling the effective-
ness of these materials is the adsorption of the nega-
tive phesphate radical on particle edges.

Anions, particularly bicarbonate, appear to have
played a role in erosion (by dispersion) in Australia
(Ingles, 1972) in soils of low to moderate sodium
content,



184 PART I THE NATURE OF SOIL

7.13 PRACTICAL IMPLICATIONS

The analysis of
into long-range

provides insight
attractive forces and
the influences of such as pore solu-
tion chemistry, type of cations, and type of
clay on them. The theory accounts for flocculation
and deflocculation phenomena, both of which play
an important part in the development of soil fabric
and structure, which in turn exert a major influence
on mechanical properties (Chapters 11 and 12). Long
range repulsive forces caused by overlapping double
layers have been used to describe the compression and
swelling behavior of some clays (Chapter 13), and dis-
persion phenomena due to changes in the relative
proportions of monovalent and divalent cations in the
double layer can be used to account for erosion of
clays and tunneling failures in dams (Chapter 11).
Some methods of soil stabilization depend, at least
in part, on changes in double layer interactions and
ion exchange to alter interparticle forces and particle
arrangements in order to achieve a soil structure with
properties suited for a particular application. One ex-
ample is the use of dispersing chemicals to produce a
high density and deflocculated particle arrangements
to insure a very low permeability. Another is the use
of a flocculating chemical to give a higher strength

or more open particle arrangement to facilitate
drainage.

Ion exchange reactions are important in the prop-
erties and stability control of drilling muds and slur-
ries. Groundwater quality, underground waste dis-
posal, and pollutant transport through soils are all
influenced by the ion exchange properties of the soils.
As the composition of the exchange complex relative
to that of the pore water is influenced by both tem-
perature and composition of the free water and as
mechanical properties are influenced by the adsorbed
ion types, suitable controls on laboratory testing con-
ditions are needed if properties are to be correctly
measured.

SUGGESTIONS FOR FURTHER STUDY

Ingles, O. G. (1968), “Soil Chemistry Relevant to Engi-
neering Behavior of Soils,” Chapter 1 in Soil Mechanics

of the Stability of Lyphobic Colloids, Elsevier, Amster-
dam, New York, London.
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Figure 5. Variation of SAR with Coucentration
for Sea Water.
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328 THE MECHANI . OF AEROSOLS

0-4 to 0-8 and at R = 25, from 0-2 to 0-9. The maximum values of 3 (at r 7 = 0-7)
in these two cases are 0-25 and 0-90 respectively.

Although the sedimentation of drops of this size corresponds to Re, ve s of
only 0-10-0-30, calculation of the collection efficiency on Stokes” approxima.  can
resultin grave errors, since itinvolves the determination of the trajectories of the - ops,
beginning with a large distance g between them (up to 50 R) at whichff = Vo v > 1

(see p.101). d g”’ﬂ‘?

&

N

o
o)
&
II
o
1%
[
RSN

Lo
@

-—— — - Direction of motion

F1G. 74a. Field of flow around a sphere (Re, = 4).

Pearcey and Hill [823] considered this problem using Oseen’s approximation;
simplified forms of Oseen’s equations for the field of flow around a moving sphere,
applicable at large g/R only, were used. The error then increases as the surface of the
sphere is approached. The authors determined the field of flow produced by the
motion of two spherical drops by adding the fields produced by each drop separately,
making use of the zero approximation (see (13.1)), which does not satisfy strictly the
boundary conditions on the surfaces of the drops. This error, also, grows as the drops
approach each other. The view of the authors that the drops ran through the zone in
which the errors are large so quickly that there is little effect on the final result is far
from convincing.

The field of flow around a falling water drop having R = 73u (Re, = 4) is shown in
Fig. 74 a. The solid lines connect points relating to identical flow velocities. expressed
in fractions of the velocity of fall of the drop, and points at which the flowlines
have a definite slope 8 to the axis of motion. 0 < 0, if the lines approach the axis. The
graph shows that a wake is formed behind the drop in which the flow velocity decreases
slowly with an increase in the distance from the drop and the flow lines are directed
towards the axis. In front of the drop, and to the side, the flow velocity diminishes
much more rapidly and the flow lines are directed sideways at large angles. Conse-
quently, drops moving behind the given drop of radius R will not only overtake
it (see p. 102) but will also be drawn into its wake and approach the axis of flow. The
trajectories of drops overtaking-a given drop of radius R are shown in Fig. 74a
by broken lines. The radii of these drops are 0-1 per cent (A), 11 per cent (B) and 11
per cent (C) larger than R. Initially, when at a large distance from the given drop,
these drops were in the same place. The smaller the dilference in the sizes and fall
velocities, the more time is available for both drops to approach each other.
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COAGULATION RATES OF CLAY MINERALS AND NATURAL SEDIMENTS'

RONALD J. GIB8BS
Center for Colloidal Science
College of Marine Studies
Universitv of Delaware
Newark, DE 19711

ABSTRACT: Coagulation experiments conducted using illite, kaolinite, montmorillonite. and four natural
sediment samples in blade and Couette reactors with solutions of various salinities yielded collision-effi-

completed in the first few parts-per-thousand salinit

INTRODUCTION
The majority of nded m al entering
the marine enviro t from rs is fine-

grained particulate material. This material is
responsible for filling estuaries and for build-

important both in dredging activities and in our
y
d
€
particles. Therefore, it is critical that we un-

ders the sses rel to the
and ment of fine cles in
and deltas.

The major complicating factor in our present
understanding of these processes is that when
fine particles first encounter a trace of sea water
they are attracted to each otheér to form flocs.
The presence of aggregates in the marine en-
vironment has been discussed by Berthois
(1961), Biddle and Miles (1972), Edzwald
(1972), Edzwald and O’Melia (1975), Gibbs
(1977, Gibbs et al. (1983), Kranck (1975 and
1980), Krone (1962 and 1978), Schubel and
Kana (1972), Sheldon (1968). and Zabawa

g . The of these is pre-
di e from ples of col I chem-
istry.

That lateral variations exist in the clay min-

'Manuscript reccived 8 January 1982: revised 25 Jan-
uary 1983.

n nature, the coagulation process would probably be

Is of bo a

m rivers n

and Po ,
renga (1966), Powers (1957), Edzwald and
O’Melia ( , and Gibbs . Few, .
trends hav n found by et al. ( .

Schubel (1968), and O'Brien and Burrell
(1970), but these seem to be the exception and,
generally, can be explained by special circum-
stances. Many of these authors attribute the
trends to the process of coagulation.
Coagulation of clay minerals in the labora-
tory was studied extensively by Whitehouse et
al. (1960), and later by Krone (1962, 1972,
and 1978), Shiozawa (1970), Hahn and Sturnm
), Edzwald (1972), d et al. (1974),
r (1975), and Hun ). .
This paper includes research on the rates of
coagulation of pure clay mincrals and natural
ments, con  ed over a number of years,
reviews re  nt research. Somne parts of
the blade-reactor e nts e been pre-
sented in a thesis ( 19
Before coagulation can occur, the particles
must be destabilized by compression of the ion
double layer around each particle, usually be-
cause of increasing of the ionic strength (es-
pecially the divalent cations) of sea water mixed
with the river water. Once the particles are
completely destabilized, a collision between two
particles will produce a floc, and the process
can continue until equilibrium is attained, with
the floc consisting of hundreds of original par-
ticles.
_are three
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tion
ma ion 2
settl

ln = 41'|'Dan

where D = diffusion coefficient, R = collision
radius (particle diameter), and n, = number of
particles per cubic centimeter. Thermal

tion in the environment

In the turbulent environment of
natural waters, themmal agitation would be
overwhelmed by the velocity-gradient mecha-
nism for all but the < 1/2 pm material.

In the studies undertaken, all of the material
was > 1/2 pm in diameter; therefore, thermal
agitation is not considered as an important pro-
cess.

The major mech g co lation
in the environment stud  is ve-
locity gradient (turbulence) that

describes

originally developed by Smolu-
chowski (1917) and has been improved by a
number of researchers (Camp and Stein 1943;
Reerink and Overbeek 1954). A simple
of this rate equation is o

dn 4 &G
— = — —adn
dt *

wh is the collisi i

the me of solid

of on, n is the

panticles, and G is the mean velocity gradient.
In our experiments, we measured dn/dt (the
change in particle number with time), n, and
&: thercfore, a can be calculated. The same
procedure has been utilized by other research-
ers in numerous coagulation studies on a wide
variety of materials. The work of Edzwald
(1972) and Hahn and Stumm (1970) discussed
coagulation of clay minerals in these terms.

PROCEDURES
The fluid shear in labo mix-
ers can be in eith r or tur -flow
tio he t
ar wh
a ent

have advantages and disadvantages. Several

RONALD J. GIBBS

rescarchers have found comparable results for
the two kinds of reactors in coagulation-rate
studies using other than natural sedimentary
material and very high shear rates (Swift and
Friedlander 1964; Birkner and Morgan 1968).
The advantage of using the Couette reactor is
that the shear rate in the space between the cyi-
inders is defined by the rotation of the cylin-
ders; with the narrow spacing (< | cm) used,
shear would be uniform. lts disadvantage is that
laminar shear does not simulate turbulent flow
In nature.

The advantage of using the blade reactor is
that it does produce a turbulent flow; the dis-
advantage is that it does not produce a uniform

(a). Measurement of the turbulence in the blade
reactor with hot-film anemometry revealed that
about 99 percent of the volume of the reactor
had turbulence spectra similar to that encoun-
tered in an estuarine environment. One can see
that there are ms to consider in using
cither kind of

The coagulation experiments were con-
ducted in a blade reac throp sim-
ilar to that used by E (197 in a
Couette double-cylinder reactor similar to that
used by Hunt (1980). These two reactors are
the devices most widely used in coagulation
studies. The Couette reactor consists of two
cylinders with the 900-ml sample in the 1-cm
gap between the cylinders. The laminae shear
as the cylinders turn relative to each other. The
blade reactor contained 900 ml and had two
small flat blades that rotated on a central axis.
Shear was determined by measuring torque for
the blade reactor and was calculated from re-
actor geometry and speed for the Couette re-
actor.

To eliminate background counts, the waters
used were filtered through 0.45-pm diameter
Millipore filters. Experiments using the Couette
reactor were conducted with 150 mg/| particle
concentration, and at the critical coagulation
salinity (salinity at which coagulation in-
creases rapidly) dilutions of filtered sea water
were used, with pH maintained at 7. Experi-
ments using the blade reactor were conducted
with 150-160 mg/l particle concentration at
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thi rise
38% kaolinite. The natural samples in the
experiment using the Couette reactor from
River, having a composi of
rillonite, 24% illite, and 3 ka-
from the Yukon River, hav com-
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and 45% chlorite; and from the continental sheif
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of 45% montmorillonite, | illite, and

RESULTS

Hlite. —The determine the co-
rate
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time

Tase | —Collision efficiency factor obtained in blade reacior
using API clay minerals at various salinities
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are shown in . and the effect of salini-
be seenif ihe
(a)

at 2
cffect of on on
rate of illite at various salinities (Fig. 3) shows
that, at all salinities, the 1- to 2-um fraction
coagulates faster than does the 2- to 4-um
fraction. It also appears that the |- to 2-um
fraction begins to coagulate at a lower salinity
than does the 2- to 4-um fraction. This could
be ¢ by the la urface area per unit
volu rthe I- to fraction than for the
2- to 4-um fraction. This effect of size on the
rate of ation was predicted by Verwey
and Ov (1948), but later was not veri-
fied by the experimental work of Reerink and
0] k (1954). of clay
m . the edge the size
effect not found in the studies on latex coag-
ulation by these researchers.
Results the experiments the
Couette re with illite (Fig. 4) te a
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Fia. 6.—Relationship of the collision-efficiency factor
(a) and salinity for kaolinite in the blac: reactor.

levels off as salinity increases. The coagula-
tion rate for the same kaolinite in the Couette
reactor prod T,;; of 26 min (Fig. 7),
whereas the ation rate in the blade re-
actor is 14.5 min for the same salinity. The a
for the riment using t ett is
0.390 compared to 0. at
1. 1%eo salinity for the experiment using the blade
reactor.

Montmorillonite. —Decrease in the particle
number over a period of time using the blade
reactor for montmorillonite (Fig. 8) shows the
progressive increase in slope (dn/dt) with in-
creasing salinity. The relationship between sa-
linity and coagulation rate are shown in Figure

9. The y factors (a) for
montmo sec™! for 1.1%o,
-
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Fia. 7.—Relationship of particle number and time for
keolinite in the Couenie reactor in 2% salinity.
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FiG. 8. —Relationship of particle number and time for
montmorillonite with 1.1 (dots), 4.4 (circles), and 17.5
(squares) % s linity in the blade reactor.

0.139 sec™' for 4.4%c, and 0.182 sec™' for
17.5%c.

Natural Samples.—The coagulation-rate ex-
periments for the 1/2to 1, 1t0 2, and 2 to 4-
pm size fractions of Delaware Bay sediments
all indicate an increasing rate of coagulation
with increasing salinity (Fig. 10). The colli-
sion-efficiency factors () at various salinities
for this natural sample are shown in Figure | 1.
One can see that the natural sample coagula-
tion rates for the three size [ractions are sig-
nificantly lower than that measured for illite,
even though the natural sample contained from
59 to 64 percent illite.
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The sample from the Amazon River (38%
kaolinite, 27% montmorillonite, and 24% il-
lite), coagulated in the Couette reactor with 2%
salinity tion (Fig. 12), had a collision-ef-
ficiecncy  or a of 0.697 sec™ and a T, of
15 min.

The ocean sediment sample taken off Guiana,
coagulated in the Couette reacior (45% mont-
morillonite, 30% kaolinite, and 18% illite) with

0.9%0 salinity (Fig. 12), had a colli-
sion-efficiency of 0.219 sec™ and a
T,z of 46 min.

The sample from the Yukon River (45%
chlorite, 29% illite, and 20% montmoritlon-
ite), coagulated in the Couette reactor with
0.6%¢ sali solution (Fig. 12), had a colli-
sion effici of 0.198 sec™' and a T, of 52
min.

DISCUSSION

effect of particle size on
dal chemistry was shown
by Verwey and Overbeck (1948) to be directly

‘proportional to particle radius. Reerink and

Overbeek (1954), on the other hand, found no
dependence of a latex suspension stability on
the particie size; however, they were not using
clay minerals or natural sediments. The
penimental data

The effect of particle size in the experiments
on natural sediment samples showed a trend
generally opposite to that of illite (Fig. 13).
The greatest change was for the 1.1%o salinity
experiments in which the 2- to 4-pm fraction
had a collision factor (a) that was 26% larger
than that of the 1/2 to t-pm fraction. How-
ever, the higher salinity experiments showed
only 8.4% smaller for 4.4%0 and 6.7% larger
for 17.5%e. For this natural sediment sample,
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the effect of size is most pronounced at lowest
salinity. This could be significant in the zone
of initial coagulation. If the particle
time through this salinity zone were su
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clay al stand the fact the a
mixt clay m ves differently
than m of its because of in-

teractions between minerals. Obviously, our
nt state of w e not a
ctionofco at ra f nat d-
iments. Additional research is needed on the
subject.
Environmental Implications. —The coagula-
tion processes in the environment that bring in-
dividual particles together to form flocs are es-
pecially important when the dispersed material
carried by rivers is mixed with seawater and
when turbulence in the environment disperses
particles, as during storms and in wave action,
allowing coagulation of the particles after-
wards. In the case of river input, the particles
usually encounter a progressively increasing
salinity. The amount of time the particles are
exposed to each salinity will be shortest when
a river discharges directly into the ocean, as
does the Mississippi River, with the longest
exposure time occurring with discharge into
large estuaries, such as the Chesapeake Bay.
The question must be raised as to how long an
exposure to various salinities is required for the
particles to coagulate completely. Would they
coagulate entirely in 1 or 2% salinity, or would
coagulation occur in higher salinity values? The
particle half-time for illite, kaolinite and mont-
morillonite shows that, from 1/2 0 1%e, the
time drops from 25 to 35 minutes to less than
15 minutes at higher salinities (Fig. 15A).
Montmorilionite shows a progressive change
with increasing salinity. For comparison, the
particle half-times for the Delaware Bay sam-
ple show that this natural sample material is
not as sensitive to low salinity (Fig. 15B). For
the nonspecialist, these particle half-times may
be easier to understand than the collision-ef-
ficiency factors, but it must be remembered that
this time would represent the time when total
particle number was one-half the original num-
ber. It would obviously take longer for the co-
agulation process to reach equilibrium. On the
basis of the rate studies for natural sediments
reported upon here, in which the half-times
ranged from 15 to 55 minutes, chances are good
that coagulation would be complete within the
first few parts per thousand of salinity in ail
environments. This would predict that the co-
agulation in the first few parts per thousand
salinity would be critical.
One of the major variables yet to be under-
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FiG. 15.—Relationship of particie half-time and salini-
ty for (A) illite. kaolinite, and montmorillonite, and (B)
for the Delaware Bay Sample.

stood is the effect of turbulence in nature on
the coagulation process at these low salinities.
Turbulence has two ¢ffects on the coagulation
process:
form

in the first ; second, it

size

In the case of part spersed by high tur-
bulence (storms, tides, etc.), the coagulation
processes would occur as the turbulence de-
crcases no matter what salinity prevailed at the
site. These sediments could be somewhat more
easily coagulated because of previous desta-
bilization in high-salinity waters when com-
pared to river-delivered sediments. The data
presented in this report should be used with
caution in determining coagulation rates in full-
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strength seaw ause none of the samples
were precond in seawater.
CONCLUSIONS

The collision-efficiency factors for clay min-

2
Gis J., AND Konwar, L., 1982, Effect of
[ eral Mocs: Environmental Science and
effect of differcnt flow regimes (laminar and
tu ) is pro as ed by the
di collisio ncy for blade
versus Couette reactors. p
« Hunt agu inuous p e size
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thesis): Calif. inst. Tech., 171 p.
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salinities, and organic and metallic coatings on
particles.
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The experiments in the blade-type reactor (27) using the
2-4-um diameter fraction of the Delaware Bay sediments
at 1.1 %o salinity showed a significant difference in the
coagulation rate between the natural (coated) sample and
the uncoated sample (Figure 4a). The natural sample had

coagulation rates for coated and uncoated material are
closer than at 1.1 %o salinity. The natural coated sample
1

a
F
on rates for the natural (coated) sample are nearly
the same as those for the uncoated sample. The natural
d an a of and a T, .5 min,
sample h a of 0.21é Ty/p of

All of the experiments conducted with the blade-type
reactor used organic-substance-free artificial . In
order to evaluate whether the natural dissolved organic
substances had an effect on the on proc , the
blade-type reactor e nts were r with filtered
natural seawater (retaining its natural dissolved organic
substances). The results were not significantly different
from the experiments using organic-free artificial sea water.
From this, we can that the effect of the
organic substance is insignificant relative to removal of
natural organic coatings and/or that the natural level of
150 mg/L of particles overwhelms the small amount of
dissolved organic substances.

The effect of salinity can be studied in the blade-type
reactor experiments. Figure 5 is a plot of the collision
efficiency factor, a, and the salinity. It shows the large

c at
8 her
linity. A simpler method of the n rate
c

material at low salinities is shown, whereas at high salin-
ities the time is shorter and the difference between the
coated and uncoated material is smaller. In the environ-

& =3

&

COLLISION EFFICIENCY FACTOR

1 5 20
SALINITY %,

Figure 5. Relationship of collision efficlency factor (a) and salinity for
Delaware Bay sampie In the blade-type reactor.
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10
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Figur 6. Relationship of particle haif-time and salinity for Delaware
Bay sampie in the blade-type reactor.

ment, this would imply that the region in which this dif-
ference in properties would be most significant
is the brackish low-salinity portions and that in any region
with salinity higher than about 15 %, this difference would
be very small.

Conclusion

The effect of the organic coatings on particles has a
significant impact on the coagulation rate of natural
particles. This effect is largest at low salinities and de-
creases with increasing salinity.
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SEDIMENTATION REVISITED

R. B. Krone

Abstract

Relations describing the rates of deposition of suspended cohesive
sed om f water were presented in the early 1960's. One of
the ions en widely incor n models, is useful
to its s and limitati the pers of more
recent experience. This relation inc flux of s sediment
and the probability that settling will sti the bed.

Aggregation and break up rates become important as the concentration of
suspended particles increase, and
dispersed in the viscous layer a
velocities than those settling
aggregates not depositing mix upw
velocity gradients above. A near state is postulated, depending
es and the bed shear stress. A
he aggregate break up rate. This
recognizing the transport regime in

Introduction
Relations descri deposition of cohesive sediment from
flowing suspensions w ted by Krone in 1962. The differentiated
form of one of these has been used widely in numerical models
since its first a ion by 0dd
t transport in the (Arithurai

1982; Schoellhamer, 1986; Nicholson
ate to review the concepts and data
benefit of future modelers. Such a

Cohesive Sediment Deposition
The deposition rate relation used in models is

dC wSC

>~ Vomd

dt D (1-67 7y i Ty< Ty (1)
whe su ment by weight
ove he ttling velocity
of he and Z_ is the
cri i eposifqon. The
pro d particles to the bed surface, and
(1 that an arriving aggregate would be
R. B. Krone

10-15-91 Page 1



retained on the bed.

The concepts that underlie this relation include the existence of a
viscous layer on the surface of the sediment bed through which the
aggregates settle. At any location on the bed, the thickness of this
viscous layer grows until it becomes unstable, then is wiped out by flow
instability. Aggregates that settle to the bed can be pulled off by the
transient instability, possibly tearing off a part of the deposited
aggregate or the aggregate and a portion of the bed to which it is
stuck. The shear stress in equation 1 1is the average over relevant
space and time scales.

Equation 1 appears to be straight forward. The settling velocity of
aggregates can be altered by processes that change their sizes and
densities, however, and < is determined by the shear strengths of
depositing aggregates. Infofmation about densities and shear strengths
of suspended aggregates was obtained using rheological measurements
(Krone, 1963, 1984), and a brief description of the means of obtaining
this information will be useful for illuminating the factors that affect
w. and 7. in equation 1.

s cr

Bingham proposed that the shear stress -- velocity gradient relation
in a cohesive suspension could be the result of mechanical and viscous
momentum transfer. His relation is given with constant coefficients as:

T = T+ My du/dz (2)

where 7, is the shear due to interparticle contact and disruption and
du/dz ?s the shear due to viscous momentum transfer. 14 1s the
?gifferentia] viscosity, and du/dz is the local velocity gradieént. Both
of the coefficients depend on the structure of the suspension. If
suspended aggregates retain their structure throughout the range of
velocity gradients of concern, then the coefficients will be constant.
Otherwise the coefficients will vary with processes that affect the
structure of the suspension or matrix. The basic concept, that the
mechanical and viscous momentum transfer processes can be superposed,
continues to be useful, however.

Relations between the coefficients of (2) and particle concentration
were established experimentally for a number of estuarial sediments and
were extrapolated to a volume concentration of 1.0 to obtain the shear
strengths and densities of the suspended aggregates. Different
aggregate structures became apparent in this study that could be
described as primary particle aggregates, aggregations of primary
aggregates, aggregations of these primary aggregate aggregates, and so
on. Such aggregations are conveniently. described as "zero order"
aggregates, "first order" aggregates, and so forth. Separate orders
were isolated in the viscometer and each prevailed over a range of
velocity gradients. The primary importance of this model results from
the observation that the bed surface is an aggregation of the aggregates
settling on it, and the bed surface shear strength is that of one order
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higher than that of the settling aggregate.

An early laboratory investigation was designed for study of the
deposition process that provided controlled, if not ideal, hydraulic
conditions for aggregation and deposition of suspended sediment in free
surface flows (Krone, 1962). A 30.5 m (100 ft) long rectangular
channel, 0.915 m (3 ft) wide, was equipped with a low head propeller
pump at its downstream end and 0.254 and 0.305 m (10- and 12-inch)
return lines to the upstream end. These return lines could be opened
individually to provide shears that prevented deposition in the lines
with minimum disruption of suspended aggregates. Open channel flow
conditions prevailed in the channel; the recirculating flume represented
continuous channel flow conditions modified by the shears in the
rﬁcirculation facility and vertical mixing at the upstream end of the
channel.

The experimental procedure began with suspension of various
concentrations of sediment from parts of the San Francisco Bay system in
synthesized sea water. The concentration of salts exceeded that at
which cohesion was found to be complete at all times. The initial
suspension was achieved by circulating the material at the highest pump
setting, approximately 0.9 m/s (3 ft/s) in the channel, and breaking the
previous deposit with a hoe. Circulation was continued until all
material was suspended. The flow velocity was then reduced to a
velocity that promoted deposition, and samples were taken at the mixed
discharge of the return lines for gravimetric analyses of suspended
solids concentrations and optical density measurements.

Deposition at Low Concentrations Aggregation rates decrease rapidly
with decreasing number concentration. It is therefore desirable to
begin with description of the deposition at Tlow suspended solids
concentrations to minimize this complication. Results of deposition
experiments using sediment from the harbor at Redwood City, on South San
Francisco Bay, are presented in Figure 1. This figure shows a
semilogarithmic decrease in concentration after a short initial period.
The rate of deposition increased at slower flows. The fraction of
suspended sediment deposited per hour is plotted in Figure 2 against the
bed shear stress for each of the curves shown in Figure 1. Figure 2
shows a linear relation between the bed shear stress and the deEosition
rate, with a critical shear stress of .06 N/m”~ (0.6 dynes/cm“). The
plots in Figures 1 and 2 are described by the integrated form of 1:

C(t) = C, exp [- wet(l - x / 2.) /D] (3),

where w_/D 1is the ordinate intercept in Figure 2 and C_. is the
concentration at the beginning of the semilogarithmic portigh of the
curves.

It is evident from these figures that w_ was constant throughout the
semi-log portions of the plotted curves in Figure 1. Aggregation was
virtually complete at the beginning of this phase of the deposition

R. B. Krone
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process, and disaggregation and reaggregation rates were negligeable.

The model of the sedimentation process described above postulates
interchange of suspended and deposited sediment. A deposition experi-
ment in a flume 0.305 m (1 ft) wide and 18.3 m (60 ft) Tong using a
gold-198 radioactive label was made to examine this process. After the
bed material was all suspended and the flow reduced for deposition for a
short time, a small amount of labelled mud was added to the flow.
Subsequent concentrations of suspended solids and radioactive tracer are
shown in Figure 3. This plot shows that the labelled suspended sediment
was deposited at a rate that was faster than that of the total. The
suspended sediment load was augmented by unlabeled material torn from
the bed. (See further discussion of these data by Mehta, 1991.)

Deposition at Concentrations between 21 and 10 kg/m{3} Cohesive
sediments can be transported in suspension at much higher concentrations
than those shown in Figure 1, particularly in estuaries where deposition
rates lead to expensive waterway maintenance. Experiments using the
0.915 m (3 ft) wide flume were made using sediment from Mare Island
Strait at the mouth of the Napa River3 California, at suspended solids
concentrations beginning at 21 kg/m” to investigate the deposition
processes at these higher concentrations. The results of two
experiments i]]ustq?te deposition in the flume over the concentration
range below 21 kg/m”.

After suspending the material at a velocity near 0.9 m/s (3 ft/s),
the velocity was reduced to 0.18 m/s (0.6 ftéf) for 45 hours. The
suspended sediment concentration was 17 kg/m” at that time. The
velocity was then reduced to 0.14 m/s (0.47 ft/s), and the first sample,
about nine minutes after the veiocity reduction, had a suspended
seédiment concentration of 15 kg/m”. The concentrations of suspended
solids after that time are shown in Figure 4. This figure shows that
there was an initial lag period of about six hours before deposition of
the remaining suspended material began, then the concentration decreased
slowly. This lag phenomenon is also observed in the quiescent settling
of a mixed mud slurry. There was a lag period before settling begins,
then deposition slowed by hindered settling followed. An explanation is
that the mixed slurry has initially a nearly homogeneous undifferen-
tiated structure, with particles in contact throughout the slurry. Time
is required for thermal motions of the particles, biased by the water
seeking upward paths to allow settling of the matrix, to create a less
homogeneous structure having locally dense aggregates with pore spaces
between them. Initiation of deposition from a flowing suspension is
similar, except that low velocity gradients in the slurry cause slow
growth of dense aggregates that can withstand the collisions with other
aggregates.

Depgéition in the flume beginning with a suspension concentration of
21 kg/m” and continuing for a longer time is shown in Figure 5. The
plot shows several sedimentation regimes. During the first hour there
was no deposition, then apparently hindered deposition began at a slow

R. B. Krone
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rate, as shown in more detail in Figure 4. When the suspended solids
concentration fell to about 10 kg/m” the deposition rate increased
markedly.

Deposition gglow 10 kg[m’;& The portion of the plot in Figure 5
between 10 kg/m” and 300 mkg/m~ can be described by

In (C/C,) = K, In (t/t,). (4)

A plot of K, D against bed shear stress for a number of such experiments
is shown in“Figure 6. This figure §?ows that e foE the sediment used
in these experiments is .078 N / ¥m“ (0.78 dyne f cm®). Evidently Ky =
K (1 - f’r) / D. Equation 4 differs from equation 3 in that w® t
in equati®n 4"is now K 1In t. This change in the deposition rite
relation is attributed to disaggregation in the viscous Tlayers on the
bed and in the return lines at these concentrations and to reaggrégation
in_the region .above the viscous_  layer.  The rates -of -both of - these
processes diminish as the volume concentration of suspended aggregates
decreases;
; Disaggregation and reaggregation rates were not significant during
deposition at the lower concentrations shown in Figure 1, as indicated
by the constant settling velocity throughout the semi-log deposition.
Suspended aggregates are free to rotate in a velocity gradient, and the
shear stresses on their surfaces are very much lower than that on the
bed. Erosion of an aggregate surface, or break up of a suspended
aggregate, requires contact with another aggregate or with the bed as
described above. The rate of disaggregation, therefore, must depend on
the volume concentration of suspended aggregates, their shear strength,
and on the velocity gradient. Burban, et. al. (1989), using a
concentric cylinder Couette flocculator, observed that aggregate sizes
decreased with increasing weight concentrations and with increasing
velocity gradients.

A description of aggregate break up in the viscous layer can,bg
developed fgom viscometer data. The dimensions of are N / ¢m
(dynes / cm®) or J / m° (ergs / cm’). These latter d?ﬂ%nsions can be
viewed as the energy required to disaggregate the aggregates to the next
lower order.

The rate of energy dissipation per unit volume, E, in the fluid in
the viscous sublayer is

E = 7 du/dz. z (5)
Rearranging equation }'to obtain du/dz and inserting it in 5 leads to
s v
L 4
Fmee @ b, (6)
14 "l
R. B. Krone
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70l T,
Ebu =

Nd = " exp [KyC]

and Tb by
w = 5/2
rg=KC

where the K's are experimental
sediment at the concentrations of
to

energy di ation rate per

collisions vdisrupEions of

be expressed as g u,~, where
lea

n
As shown ear]iég (Krone, 1984), g can be described as

ction velocity, ding to
(7)
(8)
(9)

to be determined for each
Combining 7, 8, and 9 leads

Fu*z 5/2
Ebu K4 C exp [- K3 C] (10)
(
is 2.1254 m*d
(10.0 cm” / g) for
diment. Calculated
in Figure 5, where
ar .010 poise, are
C E E Fraction of Gb“/g
gm/cm3 ergs/st,’ucm3 eraé}s?ggﬁ(3) Aggreg. Vol. -
broken / sec.
.010 .0139 0.156 .089
.003 .0074 .000736 .016
.001 .000048 .0000482 .0031
The third column
rea on or the
was based on the
‘aggregate is
This exten led to
Ng = M expl2.5¢1,
where ¢ is the volume fraction of the ag es. Comparing this
rela to (8) leads to K, C = 2.5 , from ¢ can be calculated
for value of C. The Zen'er'gy to disperse all aggregates is 'T'B
R. B. Krone
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The fraction dispersed per second is then Ebu / E

all aggs’
These ations show that the rate of energy ion due to
aggregate p falls off very rapidly as the conce decreases.
At the hi concentration, however, nine percent of the aggregates

near the channel bed were dispersed to the next lower order per second.
The velocity gradients in the viscous layers in the return lines of the

flume were hat the lume were greater
than those ous cha up in the viscous
layer and r in the above it occurs.
A near bed between se processes must prevail in estuary

waters. This concept was also described by Mehta (1991).

The time average thickness of the viscous layer at the end of this

experiment was m cm). It was thicker at the beginning of
the deposition b of the increased viscosity resulting from
the high concen n pended aggregates.

at Low
wge nded sedi
m and the

industrial floor grid was placed acrc
the velocity gradients in the flow between the bed and the water

was increased by moderate velocity

Particle size s measured during the sequence of

mes shown in F ‘that" the" aggregates that

settle out rst contained a greater silt content than did the later
aggregates.

The importance of break up to deposition rates was shown

by Mehta's studies of using an annular flume (Mehta, 1973).

The annular flume was rotated in one direction while a 1id that fit into

the top of the flume rotated in the opposite direction to create a flow

in the channel. This facility return lines of the
flume described above, and the duced the secondary
circulations that result from low levels. There

were, however, viscous layers having high velocity gradients both on top
of the flow and at the bed, and to a lesser extent at the walls.
Kaolinite is only weakly cohesive, and it typically has a wide particle
size distribution.

It was after all e material in the
channel and veloci ion material deposited
and the rem ued in in ion. The fraction
R. B. Krone
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depended on the bed stress, and all of the suspension deposited at the
lowest stress tested. Mehta showed (Mehta, 1986) that the observed

de sition ibed of
fr tions S t, ea ith
di erent nite ity
gr ients nted cle
§i_ sorc o

The deposition experiments show the existence of four
dep regimes. Characteristics of these regimes are summarized in
Table 1. The first is typified
concentrations and by velocity grad
Under conditions where collisions o
Regime 2, break up near the bed an
make the settling velocity a func
gradients. At still higher concentrations of suspended particles,
hindered settling occurs, combined with more rapid break up and
recombination of suspended aggregates. At yet higher concentrations and
velocity gradients, a suspension becomes a matrix or slurry.
As noted in Table 1, the pension ion and velocity
gradients, which determine the
Regimes II, III, and IV. The
Figure 4
ft/s), th
than the
III appeared. A surprising aspect «
from one regime to another by changes in the velocity gradients or
concentration are so abrupt.

Other Experiments and Discriptions of Deposition Rates

A number of investigators of sediment deposition processes have used

annular flumes with flow driven d an the flume
rotated in the direction opposite tom secondary
currents. This device was devel the bility of
aggregate break up 1in the pump an s of irculating

flume. The velocity gradients in an annular flume are unlike those in
an open channel throughout the volume of the flume, however, with high
velocity gradients near the 1id and near the bed, as shown by the work
of Maa (this volume). Moreover, the large depth to width ratio of the
channels typical of these flumes makes velocity gradients near the side
walls occupy a 1large portion of the cross-section. Erosion and
deposition processes are sensitive to the distribution of velocity

gradients in the in applic flume data to
estuarial flows up of recirculating
flume can be mini ui select ions of return

lines. Flow down the flume channel has velocity gradient distributions
similar to those in an estuarial channel, especially when the depth to
width ratio of the flow is small.

Mehta originally presented a Tlog-probability description of

R. B. Krone
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deposition that fit his ex
coefficients could be determi
differen

channel

can be

velocity

any of the other relations.)

Sheng (1983) developed a "deposition velocity" that he multiplied by
the difference between the concentration and an equilibrium concentra-
tion to obtain a deposition flux. He measured the rate of entrainment
of sediment in an annular flume and a steady concentration that he

considere an 1 c ion to in th osition
velocity. sul about of t iescent
settling es. i C be du the up of
aggregate hi e d at the and b of the
channel d ab vation of a steady con on may
not indicate an between the suspended osited
material, but rat epth of the bed had been where
further erosion di

Schoell
a model of
equation 1,
adjustable par and a
third was the g fl s
The first and rel mo

but the third did not.

Settling Velocity

d, rmining median

up at bed and
en upper of the
s jons of ment in

the settling

n power both in

ove, when the

and the velocity gradient are
the viscous layer w, at the bed

R. B. Krone
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w = k c3, (12)

% When the concentration of suspended sediment is low enough that the rate

of break up is negligible, the settling velocity will remain that at
the beginning of deposition. Use of equation 12 will lead to
conservative (on the high side) deposition rates because it does not
include the effect of aggregate break up near the bed.

Combining equations 1 and 12 yields a settling relation that
describes deposition rates as functions of C and 2@ for Regime II
conditions:

dc _ _KC LTZ Q-7 ¢T) © < & (13)

This relation is useful for estimating a representative suspended
sediment concentration from existing deposition rate data. Successive
hydrographic surveys of enclosed harbors, or surveys of local marshes at
different times, dating core samples of marshes, all provide an
integral of the varied suspended sediment concentrations over time.
Including these areas in a model and adjusting C to reproduce the
observed deposition provides a quick way to find a concentration that is
representative of the actual varying concentrations over the long term.
Such determinations from a marsh and an enclosed harbor in the San
Francisco Bay system yielded concentrations well within the range of
those observed (Krone, 1987).

P. Shrestha (1991) presented the relation:

G
e .. x(8).c"®) 1- T/ T) T< T
dt D w C W c

where G is the depth average velocity gradient and K and n are constant
or linear functions of G. He found from from the data in Figure 1 that
K and n were nearly constant and that n was near 1. Using data from
Hunt and Pandaya (1984), however, which appears to be in Regime II, he
found that n was nearly constant at 2+ and that K linearly increased
with G. He incorporated this relation in the Resources Management
Associates model STUDH.

Deposition in an estuary where appreciable reversing flows occur may
be important only during times near slack water, with possibly erosion
of sediment during the strength of flow. Aggregates suspended in the
body of flow above the region of the viscous layer may then settle to
the bed without being dispersed. Aggregates suspended in waters flowing
into an enclosure or side arm may also settle without being dispersed.

In view of the present lack of better means for determining W the

R. B. Krone
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measurement of settling velocities in the estuary using an Owen tube
(Owen, 1971), or other means of direct measurement, appears to be the
best approach. The Owen tube should sample as near the bed as is
feasible at times before slack water in channels when the bed stress
approaches that allowing deposition. Sampling at entrances to side arms
and enclosures near the bed will give the most useful data for
calculating deposition rates in these areas. Sampling should be
repeated to provide w_ at different concentrations, and the
concentration should be measured. It would also be desirable to make

such measurem rent a rents. These w
can then be ion 1 adjustments fof
suspended sed on and .
Conclusions

The material presented here demonstrates that deposition rates in
estuarial flows are d b settling velo hear strength,
and concentration of g gates as they ter the higher
velocity gradients Low concentr and moderate

velocity gradie

survive. Incre

resulting from

either promote aggregation or br

gradient. Where the near bed concen

break up, upwardly diffusing aggr remanents reaggregate in the
lower velocity gradients at higher tions above the bed. When the
velocity, and bed stress, of the f ow is diminished, such as at times
near slack water or when flows enter a of quieter water,
aggregates suspended at elevations above the d region deposit.

Further increasing the concentration can lead to reduced downward
flux due to hindered settling, and still further increase to downward
movement limited by consolidation.

ught
for gion
to the
imp g a
dep tory
studies to relate settling velo and

suspended solids concentrations. Eventually we should be able to
describe the distributions of aggregate settling velocities throughout
the flow profile.

R. B. Krone
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Direct Measurement of the Relation between Interlayer Force and
Interlayer Distance in the Swelling of Montmorillonite’
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Oriented gels of eight Na-montmorillonites having values of the surface charge density, s, ranging
from ~28,000 to 56,000 esu/cm? were confined in a closed chamber between a N,-gas piston and
a porous ceramic plate in contact with a solution of 10™* & NaCl. Successively higher pressures up
to 6.9 bars were applied by the N;-gas piston while the NaCl solution was maintained at atmospheric
pressure. After equilibration at each applied pressure, the ¢ axis spacing of the silicate layers was
measured by X-ray diffraction. Subsequently, the thickness of a silicate layer was subtracted from
this spacing to obtain the corresponding interlayer separation, A. Since, at equilibrium, the swelling
pressure, II, is equal to the applied pressure, it was thus possible to determine IT as a function of A
for each montmorillonite. We found that II is an exponential function of /A, Also, at any value of
11, the value of A is independent of the value of o. Neither of these findings is consistent with the
double-layer (i.e., osmotic) theory of swelling. Therefore, an additional force, which is the dominant
force at the observed values of A, must be responsible for swelling. [n view of an empirical relation
that exists between I1 and any property of the water in the swollen system, we postulate that this
additional force results from the in-depth perturbation of the water by the surfaces of the mont-
morillonite layers.

INTRODUCTION Fully expandable, partially expandable, and
nonexpandable layers can coexist in the same
crystal. When a mass of clay crystals is placed
in contact with water or an aqueous solution,
water is absorbed between the fully expand-
ing layers and, to a limited extent, between
the partially expanding layers of the cyrstals.
It is also absorbed between the crystals.
Hence, intracrystalline and intercrystalline
swelling occur. If, however, the mass of crys-
tals is confined, a swelling pressure develops.

The swelling of clay minerals, particularly
the montmorillonites, is of great importance
in nature. For example, it affects the drainage
and erosion of soils, the stability of highways
and buildings, and the production of oil
wells. The most widely held concept of swell-
ing is that it is due to an excess osmotic pres-

! Journal paper 9346, Purdue University Agricultural  SUTC that develops between the superimposed
Experiment Station, West Lafayette, Ind. 47907. ;nhc;ate layers because of the _over lap Of their

2 Department of Agronomy, Purdue University, West  10nic atmospheres and that it is describable
Lafayette, Ind. 47907. by conventional double-layer theory (1-6).

Clay minerals normally occur as crystals
of colloidal size in which parallel silicate lay-
ers about 10 A thick are stacked one above
the other like the leaves of a book. These
layers are negatively charged because of ionic
substitutions at various sites within their
structures and, as a result, exchangeable cat-
ions are adsorbed on their surfaces. Also,
they are either fully expandable (separable by
water to a distance that varies with the ap-
plied pressure), partially expandable (sepa-
rable by water to a fixed distance of 5-10 A
that is essentially independent of the applied
pressure), or nonexpandable, depending on
the surface charge density and the size
and valence of the exchangeable cations.
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230 VIANI, LOW,
However, recent evidence suggests that hy-
dration of the surfaces of the silicate layers
(7-14) or of the ions adsorbed on them (15,
16) plays an important role. It is impossible
to assess the quantitative adequacy of either
the double-layer theory or the theory of sur-
face hydration by the usual procedure of ob-
serving the gross volume, or water content,
of the system as a function of swelling pres-
sure. It is necessary to have a direct and ac-
curate determination of the relation between
the interlayer repulsive force and the inter-
layer distance under conditions that allow
both the surface charge density and the salt
concentration in the external solution to be
assessed. Such a determination has been at-
tempted for a montmorillonite and a ver-
miculite (17) as well as a mica (10, 15, 16).
However, in none of these studies was the
surface charge density measured directly.
Moreover, the interlayer distances reported
for the montmorillonite were of questionable
accuracy since the X-ray diffraction peaks
used to determine them were very broad and
of low intensity. For these reasons, and be-
cause of our interest in the swelling of mont-
morillonite, we decided to accurately deter-
mine the relationship between interlayer re-
pulsive force and interlayer separation for a
series of montmorillonites with a wide range
of measured surface charge densities.

METHOD

Samples of the <2-um fractions of eight
montmorillonites, prepared for a previous
study (13), were used in the present experi-
ments. These samples, listed in Table I, had
been saturated with sodium, dialyzed free of
excess salts and freeze dried. They were sus-
pended in sufficient 10~ N NaCl to make a
1% suspension and allowed to equilibrate for
12-24 hr. Then a gel (5.5 cm long, 1.6 cm
wide, and having =17 mg clay/cm?) was pre-
pared by slowly filtering the suspension
through a membrane filter (pore diameter
= 0.025 pm) under a pressure of 1/3 bar.
This method of preparation assures a rela-
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TABLE I

Properties of Montmorillonites Used in This Study

Specific Cation exchange Surface charge
Surface area capacity density
Sample (m?/g) (mEq/g) (esu/cm? X 107%)
Yellow Western 777 0.745 277
California Red
Top 605 0.620 2.96
Upton 800 0.900 3.25
Polkville 729 0.900 3.57
Rio Escondido 664 0.915 399
Mexican 617 0.965 4.52
Otay 634 1.120 5.11
Cameron 351 0.680 560

tively high degree of orientation of the basal
planes of the montmorillonite layers. Several
drops of another suspension containing about
1 mg of mica (2-44 um in equivalent spher-
ical diameter) were subsequently placed on
the center of the gel and pressure was reap-
plied until the mica was deposited on its
surface. The mica served as an internal
alignment standard in determining the modal
interlayer separation between adjacent mont-
morillonite layers in the gel. This separation
was measured at various applied pressures by
X-ray diffraction using a modification of a
procedure presented by Rhoades et al. (18).

X-Ray diffraction of the gel samples equil-
ibrated at selected pressures was accom-
plished using the enclosed sample support
shown schematically in Fig. 1. The oriented
gel, g, on the membrane filter, h, was placed
on a porous ceramic plate, i, set into a stain-
less-steel holder containing grooves, j, that
were connected to the outside atmosphere by
tube k. Plate i (air entry pressure = 15 bar)
had been previously saturated with a solution
of 10~* N NaCl that also filled grooves, j, and
tube k. This assembly, B, was mounted inside
a pressure chamber A, on the axis of a Sie-
mens X-ray goniometer. The beryllium win-
dow, a, on the chamber cover was transpar-
ent to the CuK,, X-rays used, yet was strong
enough to support pressure <10 bars. The
chamber was pressurized using H,O-satu-
rated nitrogen gas that was maintained at
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FIG. 1. Schematic drawing of the enclosed sample sup-
port.

selected pressures (+0.014 bar) by means of
a Cartesian manostat. Thus, the nitrogen
acted as a gas piston that expressed water
from the gel, via i, j, and k, until equilibrium
was achieved at the given pressure. It should
be noted that this pressure acted equally
on both the clay matrix and the interstitial
water.

Samples were initially equilibrated at 0.5
bar and then at successively greater pressures
up to 6.9 bar. X-Ray diffraction data were
collected only after a sample had reached
equilibrium at a given pressure. Preliminary
measurements showed no detectable changes
in the X-ray diffraction patterns after 8-12
hr equilibration but at least 18-24 hr were
allowed at each pressure before data were
collected.

X-Ray diffraction data were collected in
the following manner. Diffracted beam in-
tensities were recorded at 0.01-0.02° inter-
vals over the (001) peak of the montmoril-
lonite, and at 0.04° intervals thereafter out
to 7° 26. The thin mica deposit, f, served as
an internal standard by which the elevation
of the sample chamber could be adjusted so
as to maintain the surface of the sample tan-
gent to the diffractometer focusing circle (18),
an adjustment which was necessary since the
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thickness of the gel decreased with each in-
crease 1n pressure. A separate step scan over
the mica (001) peak at 0.01° intervals al-
lowed the displacement of this peak from its
known position to be determined and,
thereby, the correction (generally on the or-
der of 0.01°) that had to be applied to the
observed montmorillonite peak for any re-
sidual displacement error. Counting times
were adjusted so that 10,000 to 15,000 counts
were collected at each step over the main part
of the montmorillonite (001) peak. A narrow
divergence slit (1/8°) and an edge aperture,
e, centered on the goniometer axis, m, effec-
tively decreased the background intensity at
very small angles and allowed observation of
diffraction peaks down to 0.7° 26 (~125 A).

In order to compute the c axis spacing, the
raw data were transformed as follows. The
digitalized data from the X-ray diffractome-
ter were collected on magnetic tape and
transmitted to a computer where they were
corrected for the residual displacement error,
corrected point-by-point to agree with the
best-fitting cubic polynomial describing the
smooth curve through the nearby data points
and corrected for the Lorentz-polarization
(Lp) factor. The single-crystal version of this
factor was used because of the high degree
of particle orientation in the sample and the
low angles of diffraction involved. The po-
sition of the resulting (001) diffraction peak
was estimated (to 0.01°) from the maximum
of a parabola fitted to the peak apex (19).
Variation of the layer structure factor across
the (001) peak is relatively small and was
found to have a negligible effect on the po-
sition of the peak maximum. Finally, the ¢
axis spacing of the montmorillonite was
computed from the position of the peak max-
imum by using Bragg’s law. Statistical anal-
ysis of the measured c axis spacings of du-
plicate samples showed that the mean vari-
ance of random error associated with the
method was less than 1 A.

The X-ray goniometer was calibrated in
the low-angle region (corresponding to ¢ axis
spacings between 10 and 65 A) using a mix-
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ture of mica, silicon metal, and a long-chain
alcohol by the method of Brindley and Wan
(20). At ¢ axis spacings near 10 and 65 A the
measured values underestimated the true val-
ues of 0.05 and 2.7 A, respectively. However,
because no calibration standards were avail-
able for ¢ axis spacings > 65 A, which oc-
curred at applied pressures below 1.5 bar,
none of the measured values was corrected.

The ¢ axis spacing of the layers in a swollen
montmorillonite gel, as computed above,
may be regarded as the mode of the distri-
bution curve of the probability of finding
comparable atomic planes in adjacent mont-
morillonite layers a given distance apart.
Heénce, A\, the modal separation between the
surfaces of the layers, was obtained by sub-
tracting the thickness, ¢, of the layers from
the modal ¢ axis spacing. For all montmo-
rillonites but the Cameron, ¢ was assigned a
value of 9.3 A, which is the thickness of the
unit or elementary layer (21). However, for
the Cameron montmorillonite, ¢ was as-
signed a value of 19.4 A, which is the thick-
ness of a pair of elementary layers plus the
distance (0.8 A) between them in their col-
lapsed state. The reason for assuming that
the layers of Cameron montmorillonite con-
sisted of pairs of elementary layers is that the
¢ axis spacings of this montmorillonite were
consistently 8-10 A larger than those for the
other montmorillonites at the same applied
pressures. Moreover, the Cameron clay is
classified as an interstratified montmorillon-
ite/illite (22) in which collapsed illitic layers
having a fixed ¢ axis spacing of ~10 A are
interleaved with expanding layers having a
¢ axis spacing governed by the applied pres-
sure.

RESULTS AND DISCUSSION

Consider a clay gel confined between a
compressed gas and a porous plate in contact
with an aqueous solution at P,, the pressure
of the atmosphere. If P is the absolute pres-
sure that must be exerted by the gas to make
G,, the partial molar free energy of the water
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in the gel, equal to G, the partial molar free
energy of the water in the solution (and,
thereby, establish equilibrium) we can write

P
G,=G,+ | (8G,/0P)dP
Pa

=Gy + 0,(P— Py [1]

where ¥ is the partial molar volume of the
water in the gel, which, in view of the ex-
tremely small compressibility of water, is as-
sumed to be independent of the pressure. On
rearrangement, Eq. [1] becomes

Gy — G, = —0,P — P,). 2]

However, at equilibrium, P — P, is equal to
I1, the swelling pressure, i.e., the net repulsive
force between the particles. We see, therefore,
that the free energy of the water in the system
is related to the swelling pressure of the sys-
tem and that whatever affects the former will
affect the latter. Also, if the swelling pressure
is not significantly affected by forces arising
from interparticle contact or bridging, that
is, if I reflects solely the net repulsive forces
acting between particles at a distance, then
the experimentally determined curves of II
vs A can be directly compared with those
predicted by double-layer theory.

It has been suggested that edge-to-face as-
sociation between montmorillonite tactoids
(i.e., swollen crystals) is responsible for the
observed difference between curves of IT vs
water content for the initial and subsequent
compressions of unoriented montmorillonite
gels (6, 8, 23). This suggestion is based on the
reasonable assumption that the initial
compression tends to irreversibly rearrange
the tactoids from a random to a parallel ar-
rangement and, thereby, alters the relation
between II and water content. In addition,
it has been suggested that the edge-to-face
association of montmorillonite layers is re-
sponsible for the fact that the experimental
curves of IT vs A are below those predicted
by double-layer theory (17). However, we
believe that our method of preparing highly
oriented gels precludes an appreciable degree
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of this kind of association; and we believe

the -layer pre-

the sults i It of
the theory as applied to clays. Our beliefs are
supported by the reproducibility of the data
for replicate samples (Figs. 4a and b), the
reproducibility of the data for successive
compressions of the same sample (Fig. 5),

association would randomly
throughout an asse oids or lay-
ers hence, any arra nt res
the m would not be ucible

sample to sample, especially if the samples
were composed of different montmorillonites
having different axial ratios and different
densities and distributions of surface charge.

C-Axis Spacings versus Applied Pressure

Figures 2 and 3 show examples of the dif-
fraction patterns (smoothed and corrected
for displacement errors but uncorrected for
Lp effects) which were obtained. Those in
Fig. 2 are representative of the Yellow West-
ern, California Red Top, Upton, Polkville,

1400
i
300 UPTON
000 ~—— - 0.76 BAR
e —-- 1.5 BAR
= 4.0 BAR
§ 800 6.9 BAR
-
~ 600
2}
p=d
ul
s
< 400
200
S—
o
0 2 3 4 5 6
DEGREES 26

FiG. 2. X-Ray diffraction patterns of Upton mont-
morillonite in equilibrium with 10* N NaCl at four
applied pressures.
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FIG. 3. X-Ray diffraction patterns of Rio Escondido
montmorillonite in equilibrium with 10* ¥ NaCl at
four applied pressures.

Cameron mo llonites; wher

in Fig. 3 are ntative of the
Escondido, Mexican, and Otay montmoril-
lonites. In Fig. 2, the lower angle peak of each
pattern represents the first-order reflection of

a full phase and the h gle
peak r) represents the or-
der reflection of the same phase. Note that
both sive h angles
with the S ng de-

creases with increasing pressure.
In Fig. 3, the lower angle peak of each
diffraction pattern also represents the first-
t

of the ¢ axis spacing is small. These diffrac-
tion patterns were chosen to illustrate a
change in phase when II exceeds 5.0 bars.
the i in in of the
peak Xxpen e lowe
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FIG. 4. (a) Relation between II and the ¢ axis spacing for the California Red Top, Upton, Yellow
Western, and Polkville montmorillonites in equilibrium with 10~* N NaCl. (b) Relation between I and
the ¢ axis spacing for the Mexican, Otay, Rio Escondido, and Cameron montmorillonites in equilibrium

with 10™* ¥ NaCl.

theo observa . 2), a k
iden with a o refle n
should decrease in intensity and broaden
with decreasing ¢ axis spacing, i.e, with in-

T

of

at
cribed entirely to the second-order reflection
of the fully expanded phase. It likely includes

the first-o refl ofa 19-A (i.e.,
tially exp d) Such a phase
quently ts with lly expanded phase
in mon lonite (3, 18, 24). Evi-

dently, the fully expanded phase with vari-
able c axis spacing converts progressively to
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the 19-A phase as II increases above 5.0 bars,
In the present paper, we will focus our at-
tention exclusively on the fully expanded
phase. Note that it is the phase in which the
interlayer distance is large enough for the
diffuse part of a double layer to form. From

n ed in 2
vi axiss gs
a

The variation of the m € axis spacing
with II, for the first com ion, is shown
for all the montmorillonites in Figs. 4a and
4b. The curves for the Upton, California Red
Top, Mexican and Otay include data for
measurements made on two separate sam-
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ples and illustrate that, for three of these
montmorillonites, the reproducibility was
excellent. As noted earlier, the random error
was <1 A. For the fourth, i.e., the Otay mont-
morillonite, the data for the two samples are
significantly different and the difference is
greater than experimental error. It is possible
that this difference is due to the water in one
of the samples being in a metastable state,
or to a difference of unknown origin in the
surface properties of these samples.

Figure 5 shows the results for the first and
second compressions of the same sample of
Upton montmorillonite. Although fully ex-
panded layers were converted to partially ex-
panded layers during the second compres-
sion only, the relation between Il and c axis

spacing for the expanded layers was nearly
the same for both and, hence, is essentially
reversible. It should be noted that, between
the first and second compressions, the sample
was allowed to reswell for 11 days under a
pressure of 0.015 bar. This period of time
was allowed for reswelling because of the low
permeability of the montmorillonite. Con-
sequently, any difference between the two
compressions could be due to a change in the
character of the montmorillonite arising from
the slow release of A" or Mg** from its
structure (26, 27). Or it could be due to an
irreversible reorganization of the water dur-
ing the first compression. For the reasons
mentioned earlier, it was not likely the result
of any reorientation of the tactoids or layers
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FIG. 5. Relation between II and the ¢ axis spacing for the first and second compressions of Upton

montmorillonite in equilibrium with 10™* N NaCl.

induced by the first compression. In this re-
gard, attention is called to the observation of
Israelachvili and Adams (10) that the force-
distance relation for a single pair of mica
sheets was different for the first and second
compressions even though these sheets could
not reorient with respect to each other.

The Relation between Applied Pressure and
Interlayer Separation

In a previous report (13), the relation be-
tween II and m,/m,,, the mass ratio of mont-
morillonite to water, was measured for 35
different montmorillonites confined, as de-
scribed here, between a gas piston and a po-
rous plate in contact with water. The swelling
pressure was shown to be described by a log-
arithmic equation.

In(Il + 1) = a(my/m,) +In B [3]

where o and B are constants that are char-
acteristic of the montmorillonite. Since \ is

Journal of Colloid and Interface Science, Vol. 96, No. |, November (983

linearly related to m./m., (3, 24, 25, 28), Eq.
[3] suggests that In (IT + 1) should be linearly
related to 1/A. Figures 6a and b show that
this is the case, i.e.,

In(II+1)=k(1/A))+1nb [4]
or

(L + 1) = expk[(1/A) = (1/A)]  [5]

where k is a constant, b = exp(—k/)\), and
Ao is the modal separation between the sur-
faces of the layers when I = 0. However,
note that, for half of the samples, the loga-
rithmic plots exhibit a sudden change in
slope at values of IT between 2.4 and 4.3 bars.
This change in slope necessarily means that
there is a corresponding discontinuity in 411/
dX which was not apparent from Figs. 4a and
b. Independent experimental observations of
the effect of pressure on the properties of
clay-water systems support the concept that
a phase change in the water in the system is
responsible for the abrupt change in dI1/d\
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in the Upton, California Red Top, Yellow
Western, and Polkville samples. For exam-
ple, it has been observed that, during the iso-
thermal compression of certain gas-free
montmorillonite gels in a

nly a pressure-
induced restructuring of the water can ac-
count for these changes.

Presented in Table II are values for the
constants in Eq. [4] that apply to the different
montmorillonites. These constants were ob-
tained statistically by the method of least

es. The in values
ections of straight
and b, whereas, the final valu
these intersections. When the
In b; are used to obtain the respective values

of Ao, it is found that the lat from
135 to 187 A. Although the of Ao
depend on the extrapolation 4] to
= 0, r e in
w of o [4],
, Eq. be valid down
yer is between
TABLE 11
T i ted by t pt i, and
the by the f, for k
and i
Sample k; In b, ky In b
Yellow Western 794 -0.472 50.0° 0.2734
California Red Top 904 -0.630 52.3 0.157
Upton 84.5 —-0.513 503 0.188
Polkville 86.2 —0.638 403 0.588
Rio Escondido 78.1 —-0.496
Mexican 72.3  —-0.386
Otay 744 -0.408 588 -~0.117
Cameron 71.0 -0.397

“ When values of k and In b; are not reported for a
sample, the reported values of ki and In b; apply to the
entire pressure range studied.
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+67.5 and 93.5 ords, the d
of influence of he surroun
water is wit 1in
Comparis ervations

The equations of double-layer theory have
been derived elsewhere (e.g., 5, 30). As ap-
plied to the swelling of parallel clay layers of
constant surface charge density in a 1:] elec-
trolyte solution they are

D = 2nkT(cosh u — 1) (6]
= (enkT/2m)""*(2 cosh z — 2 cosh 1) [7]

fu (2 cosh y — 2 cosh uy™ "2 dy = — «d [8]

«* = 8xnetw?/ekT [9]

ddition, the van der Waals attraction
by

f=(/6mI(1/N = 2/(x + 1P

+ /(A + 2] [10]

kis the Boltzmann constant, 7'is the absolute
te
€

H

A is the Hamaker constant, A is the
layer distance (A = 2d), ¢ is the thickness
clay | ¥ is ctro po-

in a at a ex the
surface of the layer, ¥, is the electrostatic
potential at x = 0, and ¥, is the electrostatic

tx =d. Eq [8] cannot be
analytically. ver, it can be
tran d to an expre invo llip-
tic i s of the first for nu-

merical solutions are available from mathe-
matical tables. To determine the theoretical
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relation between II and X at each of several
values of ¢ when # is equivalent to 10~*
mole/liter and 7" = 298°K, we assigned dif-
ferent values to u and calculated the corre-
sponding values of p and z by means of Egs.
[6] and [7], respectively. The resulting com-
binations of u and z were then used to obtain
appropriate limits for the aforementioned
elliptic integrals and, thereby, values of «d
from which values of A were determined by
dividing through by «, calculated by means
of Eq. [9], and multiplying by 2. These values
of A were substituted into Eq. [10] to cal-
culate the related values of f. In this calcu-
lation, 4 was assigned a value of 2.2 X 10™2°
J in keeping with the results of Israelachvili
and Adams (10) and ¢ was assigned the value
mentioned earlier, namely, 9.3 X 1072 cm.
Since I1 = p — f, values of II were calculated
by subtracting values of f from the corre-
sponding values of p. Thus, we were able to
obtain the theoretical curves in Fig. 7.

Note from Fig. 7 that the only theoretical
curves that are qualitatively similar to the
observed curve for the Rio Escondido mont-
morillonite, which is a typical curve, are
those for which the values of ¢ are compa-
rable to the respective values listed in Table
I. The latter were determined in an earlier
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study (14) from the measured cation ex-
change capacities and specific surface areas
and, hence, represent the values of o at the
solid-solution interface as governed by ionic
substitutions in the crystal structure. This
similarity might be construed to mean that
double-layer theory describes the swelling of
montmorillonite. However, we do not be-
lieve that such is the case for reasons which
we will now discuss.

Although the theoretical curves of II vs
A for relatively high values of o are somewhat
similar to the observed curve, the similarity
is only superficial. Note, for instance, that the
observed curve intersects several theoretical
curves representing a range of values of ¢.
Moreover, as can be seen from Fig. 8, the
observed relation between In (IT + 1) and
1/Xis linear, in keeping with Eq. [4]; whereas,
the theoretical relations for different values
of ¢ are curvilinear. It follows, therefore, that
the observed and theoretical curves are de-
scribed by equations of different form.

Observe from Fig. 7 that, theoretically, we
would expect A to be a function of ¢ at any
value of II, or II to be a function of ¢ at any
value of \. However, as shown in Figs. 9 and
10, this expectation is not realized experi-
mentally. In Fig. 9, the values of A\ at each
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FIG. 7. Comparison of the observed curve of IT versus A for a typical montmorillonite (Rio Escondido)

with the theoretical curves for different values of o.
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FiIG. 8. Comparison of the observed relation of In
(I1 + 1) and 1/A for a typical montmorillonite (Rio Es-
condido) with the theoretical relations for different val-
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value of I were obtained from the data in
Figs. 4a and b and the corresponding values
of ¢ were taken from Table I. In Fig, 10, the
lines defining the upper and lower limits of
the stippled area coincide with the extreme
portions of the collected curves of IT versus
A for the montmorillonites that we studied.
Hence, all of these curves fall within the stip-
pled area. Note that this area is very narrow
despite the wide variation in ¢ for the mont-
morillonites included therein.

We have found that neither the relation
between II and A nor the relation between
IT (or A\) and ¢ is consistent with electrical
double-layer theory. We are obliged to con-
clude, therefore, that either the theory is
wrong or the electric double layers of mont-
morillonites are so poorly developed that
they contribute little to swelling. The latter
alternative is preferable because, in earlier
work (14), the effective surface charge den-
sity, i.e., the surface charge density in the
plane where the diffuse part of the double
layer begins, was found from the measured
zeta potentials of 35 montmorillonites to be
only ~500 esu cm™2. Reference to Fig. 7

T T
x X x —I
X
% X X X
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%o a4 a a a
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= ° o)
0 4 ° <] o <}
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a o]
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FIG. 9. The relation between A and o at four values of II as indicated by the data for eight different
montmorillonites (to identify the value of o plotted here with the respective montmorillonite, see

Table I).
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F1G. 10. The limits (solid lines) that encompass all of
the curves of II versus A for the different montmorillon-
ites.

shows that the value of I corresponding to
this value of ¢ is negligible. Moreover, it is
highly unlikely that the relation between In
(IT + 1) and /X could be linearized, in keep-
ing with Figs. 6 and 8, by the addition of
another repulsive force to the double-layer
repulsive force. It is more reasonable to be-
lieve that the added repulsive force is dom-
inant and obeys the aforementioned relation.

In the preceding discussion, we have es-
tablished the fact that o has an insignificant
effect on the swelling of the fully expandable
layers. However, this fact should not be con-
strued to mean that the swelling of a clay
crystal is entirely unaffected by ¢. Nor should
it be construed to mean that the swelling of
the crystal is unaffected by the nature of the
exchangeable cations that neutralize . We
believe that both ¢ and the nature of the ex-
changeable cations affect the depth of the
energy well occupied by the layers in the par-
tially expanded state and, thereby, the frac-
tion of the layers in this state. Obviously, in-
tracrystalline swelling will be affected by the
relative fractions of fully expandable and par-
tially expandable layers. Our ideas on the
effect of exchangeable cations on the expan-
sion of the clay layers and on the properties
of the interlayer water are presented in
greater detail elsewhere (14, 45).
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Comparison of the Force-Distance
Relations for Montmorillonite
Layers and Mica Sheets

A curve of F/R vs D, where F is the force
between crossed mica cylinders of radius R
and D is the distance between them, was pub-
lished for Na-mica in 5 X 10~* N Na(Cl so-
lution by Pashley (16). His curve was trans-
formed to the corresponding curve of II vs
A by (1) obtaining the coordinates of the data
points with a digitizer (Hewlett-Packard
Graphics Plotter 9872 B), (2) converting the
resulting values of F/R to equivalent values
of energy/area by means of the Derjaguin
approximation (31), (3) plotting a curve of
energy/area vs D, which now equals X, (4)
digitizing this curve, and (5) determining val-
ues of II at specific values of A from the slopes
of the curve, obtained by numerical differ-
entiation, at these values of A. The results of
this transformation are shown, along with
our results for the Upton and Rio Escondido
montmorillonites, in Fig. 11.

Observe from Fig. 11 that the curve for the
mica is nearly parallel to the curves for the
montmorillonites and is displaced from them
by only 6-10 A at values of IT > 1.0 bar. It
is likely that the true displacement is even

MICA
-+ UPTON
——— RO ESCONDIDO

(BARS)

Il

FI1G. 11. Comparison of the curves of II versus A for
two montmorillonites and a mica (the curve for the mica
was derived from the data of Pashley (16)).
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smaller because the absolute values of \ for
the mica were underestimated. In the rele-
vant experiments, A was assigned a value of
zero when the mica sheets were in “contact,”
i.e., when they could not be pressed closer
together or, in some cases, when they had
passed over an energy barrier and were in the
pnimary energy minimum. However, the ac-
tual distance between mica sheets in “con-
tact” is not zero. Although it was reported
that this distance was +4 A relative to un-
cleaved mica (10), we believe that it must
have been closer to +6 A, which is the thick-
ness of two molecular layers of adsorbed
water. Our belief is based on the fact that the
last two molecular layers of water between
the surfaces of layer silicates are difficult to
remove. It has been shown that two molec-
ular layers of water remain between the sur-
faces of sodium montmorillonites in equilib-

‘rium with air at a relative humidity, p/p,, of

7 (32, 33) and when the ing point
ression, 4, is greater than (34, 35).
By means of the thermodynamic equations

. relating the relative partial molar free energy
“to I1, p/py, and 6, we find the corresponding

values of IT to be ~500 and =500 bar, re-
spectively. Since the compressive force did
not reach this magnitude when the mica
sheets were separated by a solution, there is
no reason to believe that the last two molec-
ular layers of water were expelled. Nor is
there any reason to believe that they were
expelled when the mica sheets were in a pri-
mary energy minimum. In fact, Pashley and
Quirk (36) have reported that the depth of
the primary minimum for mica sheets im-
mersed in electrolyte solution is very much
less than that for sheets of uncleaved mica,
and have attributed the difference to residual
water layers on the mica surfaces at the point
of “contact,” i.e., the point at which they let
A = 0. Also, Fig. 4b shows that the distance
between layers of montmorillonite in the pri-
mary ene is 1 axis

=19 A), whi will

later will show that the corresponding dis-
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tanc  r layers of vermiculite is 6 A (¢
spac = 15 A). Both of these minerals
stru ly similar to mica. Con ntly,
the for the mica in Fig. 11 d be

translated to the ri as much as 6-10
A, where it will b nearly coincident
with the other curves in this figure and will
fall within the limits indicated in Fig. 10. Tt
appears, therefore, that the results for mica
agree with those for montmorillonite despite
the fact that the former has a relatively high
value of .

Relation between the Properties of
Interlayer Water and Swelling Pressure

Early in his career, one of us postulated
that the interaction of water with clay sur-
faces produces a hydrostatic repulsive force
that contributes to clay swelling (37, 38). This
postulate was difficult to test but it was felt
that, if surface-water interaction altered the
structure-sensitive properties of the water, it
would also affect G, and, thereby, II in keep-
ing with Eq. [2]. Consequently, experiments
were conducted over many years on the
structure-sensitive properties of water in
montmorillonite-water systems (e.g., 39-42).
When sufficient data had been accumulated
for a systematic analysis (43), it was discov-
ered that all of these properties obey an em-
pirical equation, namely,

Ji = J? exp(Bimm/m.,) [11]

where J and J° are the values of the property,
I, in the montmorillonite-water system and
in pure bulk water, respectively, and 8 is a
constant that is characteristic of the property.
Subsequently, this equation was found to
hold for the isothermal compressibility, mo-
lar absorptivity and rotational correlation
time of the interlayer water (44, 45). Com-

bination of Egs. [3] and [11] yields
(IL+ 1) = BUAO ™ [12]

II is rela
in the sy

SO we see
s of the w

o the prop-
. This rela-
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tion, and the evidence against the existence,
of double-layer repulsion, leads to the con-:
clusion that the interaction of water with the"g
surfaces of montmorillonite causes swelling.
In other this interaction reduces G|
and, as a IT develops. Thus, the pos-'
tulate mentioned above has been substanti-
ated but, contrary to this postulate, surface-
water interaction not only contributes to clay
swelling but is almost entirely responsible
for it.

As mentioned earlier, evidence in support
of a hydrostatic repulsive force or hydration
force has been presented by several investi-
gators. However, opinions differ with respect
to its origin. Derjaguin and Churaev (9) favor
the concept that it originates because of the
hydration of the surface; whereas, Pashley
(15, 16) favors the concept that it originates
because of the hydration of the adsorbed
counter ions. We have consistently favored
the former concept (7, 14, 28, 38, 46) and
still do. If counterion hydration causes swell-
ing, there should be some relation between
swelling and o, which governs the number
of counter ions. We have found no such re-:
lation even though the surface density of Nai
in our samples varies by almost a factor of
two, i.e., from 0.57 to 1.1 X 10'* ions/cm?.:
Moreover, the mere presence of the surface
itself may perturb the water to appreciable
distances. This concept is supported by the
results of a recent computer simulation of
the dynamics of water molecules near a rigid,
uncharged surface composed of oxygen at-
oms (47). It is also supported by the obser-
vation, which will be reported in a forthcom-
ing paper, that pyrophyllite (which has no
counterions) undergoes appreciable inter- ;
crystalline swelling,. '

In summary, the net repulsive force de-
veloped between adjacent montmorillonite
layers in sodium-saturated montmorillonite
gels has been shown to be related to 1/A, the
inverse of the interlayer separation, by a sim-
ple exponential equation. Over the range of
N's studied, double layer forces are too weak

to account for the observed swelling pres-
sures. An additional force, which dominates
the interaction between montmorillonite lay-
ers, is present. Presumably, it arises because
of the in-depth perturbation of the water by
the surfaces of these layers.
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1. Introduction

Smectites and iculites  ether form the g
of 2:1 clay min which and in the pres
of w 1]. They comprise ly cha
like s which are held by ¢

ancing cations [2]. These interlayer cations often
have a str tendency to hydrate, thereby forcing
the layers rt. The remaining space between the
sheets may then be occupied by additional water. The
layer spacing and the total amount of water absorbed
depend on the type of interlayer cation, the relative

ity and the position and density of the layer

in
na
positions of the interlayer water molecules in these
systems have not previously been established. The
aim of the work presented in this paper is therefore
o determine the microscopic structure of all the
fractions of water in a hydrated 2:1 clay.

We chose to study a vermiculite because they oc-
cur naturally as macroscopic crystals, in contrast to
the smectites which are found only in the form of

Neutron
Chilton,

Division, R
Oxon OX 1

ppleton Laboratory,

(D) for ogen (H) has been us study the ure
e (00/) B reflections were meas as a functi the
obtain sepa density profiles, p(z), for the h

interlayer N H,0) complexes, in which the

. we have found that within the limits of the experiments all the
. 107 tetrahedra, which comprise the surface.

microplatelets. The particular sample we used was a
crystal of Ni-vermiculite from Llano, Texas, with the
quoted structural formula [1];

(Mg.95Alg 10) (Si; 78Aly 22)O(OH )2:Nig 45nH,0.

The sample had approximate dimensions 10X 10 % 4
mm, and we therefore avoided the problems asso-
ciated with obtaining high resolution diffraction data
from colloidal suspensions of smectites [4].

Under the experimental conditions (room tem-
perature and 85% relative humidity) vermiculite is
hydrated: n=4.5 [5] and the layer spacing is 14.4 A
(the dry value is 10.0 A [6]). Being primarily in-
terested in the water structure, we used neutron dif-
fraction in conjunction with H/D substitution. The
neutron scattering lengths, b, for H and D are both
large, but of opposite sign (by=—3.74 fm, bp=6.67
fm). Difference analysis of diffraction data from H
and D enriched samples can therefore be used to iso-
late all interatomic distances involving H [4].

2. Experimental

Experiments were conducted using the LAD dif-
fractometer on the ISIS pulsed neutron source at the
Rutherford Appleton Laboratory [7]. The sample
was held between two thin vanadium sheets and ori-
ented so that the c*-axis was parallel to the scattering

0009-2614/90/$ 03.50 © Elsevier Science Publishers B.V. ( North-Holland ) 141
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vector, Q. Diffraction data were gathered at scatter-
ing angles of 20° and 150°, allowing the intensities
of the basal plane (00/) reflections to be measured
to /=30. This compares with /=16 in previous ex-
periments [8], and so doubles the real space
resolutions.

Two complete sets of data were obtained. The first
were recorded using the hydrogenated crystal, while
the second were collected after the same sample had
been deuterated by repeated dessication and soaking
in NMR standard D,0 at 50°, over a period of four
days.

3. Results and discussion

The raw diffraction patterns were corrected for ab-
sorption; the data obtained from the deuterated sam-
ple are presented in fig. 1. The integrated (00/) Bragg
intensities, /(Q), derived from these patterns are
shown in fig. 2. They are related to the neutron scat-
tering density along the c*-axis, p(z), via structure
factor, F(Q),

1(Q)=|F(Q)|? (1)

Corrected Inteasity

0 2 4 6
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and
c/2 3‘;

FQ)= | p(z) ez, (2)

—-c/2 -

where c is the lattice spacing. Density profiles, p(z), ;
were obtained by Monte Carlo simulation of the ip-
tegrated intensities [9]. The simulations were started -
from a uniform background density with clay peaks -
placed in the positions measured by X-ray diffrac- -

tion [10]. The entire structure, including the clay

layers, was then refined. Because of the H/D sub- -
stitution we were able to separate the hydrogen dis-
tribution from the oxygen plus clay distribution (fig,
3). The fits to the intensity data had an R-factor of
2.8%. Since the composition of the internal oxygen
layer has been determined by chemical analysis [1]),
the area of the peak at 1.09 A was used to normalise
the density profiles. The data can then be interpreted
as follows.

Considering the layer region first, the sharp peaks
in the oxygen plus clay profile at 0.0, 1.09, 2.74 and
3.35 A can be assigned to the clay structure (table
1'). These positions are entirely consistent with those
obtained from X-ray crystallography [10]. In ad-

(ii)
(i)

10 12 14 16
Q/A-!

Fig. 1. Corrected diffraction patterns, in arbitrary units, for deuterated Ni-vermiculite, using scattering angles of (i) 20° and (ii) 150°
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QA

Fig. 2. The integrated (00/) intensities, /(Q), for (i) the hydrogenated sample (points joined by the solid line) and (ii) the same sample,
deuterated by repeated dessication and soaking in D;O at 50°C over a period of four days (points joined by the broken line). The
experimental values are compared with the results obtained from the simulated density profiles presented in fig. 3 (circles and crosses

respectively).

nudicoa’

Aa)fbarns

oA

Fig. 3. Neutron scattering density profiles, p(z), for oxygen plus
layer (solid line) and hydrogen (crosses). For the purposes of
this diagram hydrogen has assigned the same scattering length as
oxygen. The insert above shows the assignment of peaks in the
proposed structural model (the hydrogen atoms are shaded in).

dition to the clay peaks, there is a broader feature at
around 3.7 A. We attribute this to the oxygen atoms
of absorbed water molecules. After subtracting the
areas due to the tetrahedral cations (at 2.74 A) and
surface oxygen atoms (at 3.35 A), there is an area
e:quivalent to 0.91 oxygen atoms between 2.3 and 4.4
A.

The most striking feature of the hydrogen density
within the layer is the absence of a peak at 2.0 A. This
would be due to the structural hydroxyl groups of the
clay, and has been reported in previous experiments
conducted at lower humidities. Instead, we find a
broad density which contains 2.58 hydrogen atoms
and has peaks at 2.4 and 3.08 A. We therefore pro-
pose that up to one water molecule can be sited near
each hexagonal ring of six SiO, and AlO; tetrahe-
dra. The hydrogen atoms of these water molecules
point towards the clay sheet, being attracted to the
negative charges arising from substitution of AI** for
Si** in the tetrahedral layer. The hydrogen atoms of
the structural hydroxyl group are then either flat-
tened towards the plane of the layer, accounting for
the intensity around 1.4 A, or possibly form H;0*
ions with the absorbed water.

Interpretation of the density profiles in the inter-
layer region is straightforward. The central peak at
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Table 1

CHEMICAL PHYSICS LETTERS

Analysis of peaks in the simulated density profiles of Ni-vermiculite (fig. 3) *

re Assignment A9
0.0 octahedral cations 1.52
1.09 oxygen 1.74 9
2.74 tetrahedral cations 0.79
3.35 oxygen 1.76
3.70 oxygen 0.53
1.40 hydrogen 0.46
2.40 hydrogen 0.49
3.08 hydrogen 1.01
7.2 interlayer cations 0.60
5.92 oxygen 1.01
5.01 hydrogen 0.95
6.04 hydrogen 0.83

Chemical equivalent

0.96 ( Mgz.a. Alo.os)
300
SizgeAly 41
3.030
0910
0.79H
0.84 H
1.74 H
0.58 Ni%+
1.740
1.63H
1.42H

clay layer

absorbed water

interlayer complexes

%) Only peaks between —0.5 and 7.5 A are considered. °’ ris the peak position (A). © 4 is the measured area (b nucleon~').
4) To normalise the data this area was compared with a chemical analysis of the clay sheets [1].

7.2 A in the clay plus oxygen profile may be assigned
to the interlayer cations, and is equivalent to 0.58
Ni2* per structural unit (table 1). If this assignment
is correct the peak at 5.92 A would correspond to the
oxygen atoms of the cation hydration spheres. This
peak has an area equivalent to 3.01 oxygens per NiZ*,
confirming the existence of Ni?*(H,0)s complexes,
within the limits of our experiments. If these
Ni?*(H,0), complexes were perfectly octahedral the
projected Ni2*-O distance of 1.28 A in the z-direc-
tion would give an Ni2*-O bond length of 2.22 A:
this compares with 2.07 A in aqueous solutions [11].
More probably the octahedra are slightly distorted,
so that O-O distance of the interlayer complexes
more closely matches that of the surface. Hydrogen
peaks due to the interlayer Ni?*(H,0)s complexes
are located at 5.01 and 6.04 A. Since the O-H bond
length in water is 0.96 A [12] the hydrogen atoms
at 5.01 A lie directly above the surface AlO; or SiO,
tetrahedra, forming hydrogen bonds to the oxygen
atoms (the location of the interlayer cations has been
established in previous experiments [10]). The
O-H distance of these hydrogen bonds is 1.66 A,
compared with 1.76 A in ice and 1.85 A in liquid
water [12].

144

4. Conclusion

The results presented confirm the existence of
Ni2*(H,0)s complexes between the layers in Ni-
vermiculite. These complexes act as pillars holding
the clay sheets apart, but are also strongly bonded to
the surfaces. More importantly, we have produced
the first evidence that a layer of water molecules lies
within 0.4 A of the clay surface, and the molecules

are sited within the hexagonal rings of SiO4 or -*:
AlO7 tetrahedra. At the experimental humidity these =
two regions account for all the water in the system. ~ .
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EROSIVE SHEAR STRENGTH OF SOFT MUDDY DEPOSITS
by
T. M. Parchurel and A. J. Mehta?
ABSTRACT

The top thin layer of an estuarial muddy bed is typically a partially
consolidated cohesive sediment deposit. The erosive resistance of this layer
of the order of 1 cm thickness is characterized by the cohesive shear
strength. Laboratory resuspension tests were conducted in a flume in order to
determine the shear strength of thin beds of kaolinite and a lake mud
deposited in waters of different salinities. O burden d associ d
physico-chemical changes within the bed structu cause t shear s ngth to
increase with depth. The depth-averaged shear ength, , was fo to vary
with the sediment-fluid composition as well as h the p iod of b
consolidation prior to resuspension. Values of ¢, were found to range from
0.15 to 0.39 Nm—2,

INTRODUCTION

The erosive behavior of muddy deposits in estuaries and in the tidal flow
dominated regions of the estuarial shelf is of engineering interest because of
the need to predict the rates of transport of fine suspended sediments in
navigable waters. The thickness of the cohesive sediment deposit that is
influenced by the flow can typically range, in order of magnitude, from a
centimeter to as much as a meter. The upper portion of the deposit is
generally overturned each tidal cycle, while the Tower layers may be
resuspended only during spring tides. The bed is therefore found in a state
of partial consolidation, since almost complete consolidation may take several
weeks or months. The top layer of the order of 1 cm thickness tends to
exhibit a marked depth-variation in the bed properties, while the lower layers
are more uniform due to consolidation. An important property characterizing
the resistance to bed erosion is the cohesive bed shear strength. A series of
laboratory experiments were conducted in a flume in order to determine the
depth-variation of the shear strength of comparatively thin top layers of
partially consolidated cohesive sediment deposits. Results of these
experiments are summarized below. Details are found elsewhere (11).

RESUSPENSION UNDER TIDAL WATERS

The phenomena of deposition, consolidation, erosion and transport of
suspended muddy sediments in estuarial waters under tide-dominated flows are
schematically represented in Fig. 1 (9). Deposition of the suspension in
horizontal transport occurs when the flow velocity (and therefore the bed
shear) is low or when slack water occurs. This in turn results in the

lgraduate Assistant, Coastal and Oceanographic Engineering Department,
University of Florida, Gainesville, Florida, U.S.A.

2pssociate Professor, Coastal and Oceanographic Engineering Department,
University of Florida, Gainesville, Florida, U.S.A.



formation of a comparatively dense stationary or static suspension in the
near-bed zone. Such a suspension does not move horizontally, by definition
(12), but there can be a net downward movement of the sediment. At the bottom
a bed with small but measurable shear strength begins to develop as the
suspended material continues to settle. The deposit is partially
consolidated, and, after a period of the order of weeks or months, depending
upon the bed properties, a settled bed is formed, provided it is not
resuspended in the mean time. The erosion of a stationary suspension has been
termed redispersion (12), while the erosion of a partially consolidated
deposit or a settled bed may be referred to as resuspension. Redispersion is
not a well-understood phenomenon and is a subject matter for future research,
whereas numerous studies on the resuspension of the settled bed have been
reported (7,9). The more general case of a partially consolidated bed was not
investigated until recently, and is the subject of present interest.

COHESIVE SHEAR STRENGTH

Soft muddy deposits of the type studied in the present investigation tend
to have a very high water content which can exceed 100% and, consequently,
possess a low bulk density. The cohesive shear strength of such deposits is
usually small and cannot be measured accurately by devices such as a vane
shear apparatus or a penetrometer. A special laboratory procedure was
therefore: developed to determine the shear strength layer by layer in a
flume. This procedure is described subsequently.

Earlier preliminary results (from tests conducted at the University of
Florida) which were verified and extended under the present study indicated
that the shear strength, 1., varies with depth z below the fluid-bed interface
as shown qualitatively in E1g. (1,8,10,13). Beginning with a small value,

T., close to the bed surface, = 1ncreas r vel rap rst. Below
a certain depth, z_., correspona1ng to a he ren h, is a
characteristic of %Re bed, the variation f th is ficant and,
in fact, 1, approaches a maximum value, me en ch tion

of t,(z), under a time-mean value of the ed rs ess the bed
will erode to a depth zp at which point A . nce of bed
erosion depends on the excess shear stre |, (9 th

condition, = t.a, 1 lies that er si i est at t in time,
and depth, . Similar , if T is e al to or Ty, the corresponding
depths of e sion will Zp Or zp~, rr pectiv . Finally, for Ty he
bed will co inue to er e indefinite , at 1 t in principle, s1nce tﬁe

condition By = Tsp cannot be attained.

~ The time-variation of the depth averaged suspended sediment
concentration, C, during resuspension is related to the dry density, ChY of
the bed according to

OD(Z)dZ (1)

where t = time and h = depth of flow assumed to be constant. The

density, typically increases with depth z (9). With reference to Fig. 2,
after a rePat1ve1y short time period of initial rise, C will approach a
constant value Cp under a bed shear stress w,p, as Typ approaches r

Similarly under Tog and Tye» the corresponding final concentrations will



be C, and Eb, respectively. Under t,n, C wWill continue to increase with time
inde?inite]y. In a test conducted by Krone (4) using a silty-clay from San
Francisco Bay, C continued to increase even after 500 hours.

The significance of the shear stre
increases slowly with time. This is be
approaches zero relatively rapdily inas
z (Fig. 2). When 7 > 1., C increases
more slowly inasmucR as 1g increases sl

EXPERIMENTAL APPARATUS AND MATERIAL

The experiments were conducted in an annular rotating flume which has
been described in detail elsewhere (6). The two main components of this flume
were: an annular fiberglass channel (0.21 m wide, 0.46 m deep and 1.5 m in
mean diameter) containing the fluid-sediment mixture, and an annular ring of
slightly smaller width positioned within the channel and in contact with the
fluid surface. A simultaneous rotation of the two components in opposite
directions generated a turbulent flow field free from sediment floc-disrupting
elements such as pumps and diffusers in which excessively high rates of flow
shearing usually prevail. By a proper adjustment of the speeds of the two
components, the rotation-induced secondary currents near the bed were
eliminated, and the distribution of the bed shear stress across the channel
width was found to be uniform. A special arrangement was made for replacing
the suspension slowly by sediment-free water, when necessary, without stopping
the flume. A Hewlett Packard HP-85 mini-computer together with two digital-
to-analog converter units were provided to exercise a precise control over the
speeds and the accelerations of the channel and the ring.

Bed density and its variatio depth were measured at various
consolidation periods with the he a specially designed 2.5 cm metal tube
in which core samples were frozen tu, using a mixture of alcohol and dry
ice (10).

Sediments used included a commercially available kaolinite (median size =
1 um; cation exchange capacity = 6 milliequivalents per hundred grams) and a
natural lake mud (median size = 1 ym; cation exchange capacity = 94
milliequivalents per hundred grams). Minerals in the lake mud were: smectite,
i1lite, kaolinite and quartz. The fluids were: tap water (total salts
concentration = 0.28 ppt; pH = 8.1) and saline water (salinites of 0.5, 1, 2,
5, 10 and 35 ppt; pH = 7.5).

EXPERIMENTS AND RESULTS
Sediment Exchange

In general, the suspended sediment concentration, C, during resuspension
can attain a constant value under a constant time-mean bed shear
stress, T, when either 1) Th becomes e
is arrested, or 2) the rate of erosion
equilibrium condition resulting from an
and the fluid above. The occurrence of
the first would lead to a different int
than the one noted here.



In order to evaluate the degree of sediment exchange between the bed and
the fluid, an experiment was conducted in the annular flume using a deposited
bed of kaolinite in tap water. The depth h was 0.25m and v, = 0.20 Nm=2,
After a relatively short period of initial rise, C attained a constant value
of 3.85 g1-1! within a few hours. The test was continued for a period of 122
hours. At the end of this period the suspension was gradually flushed out
over a period of 4 hours, by replacing it simultaneously with sediment-free
water, without distrubing the bed or stopping the flow. As a result, C
dropped to 0.03 gl-1. The flushing process was then sto ed and the test was

continued (with g, = 0.20 Nm-2) for another 24 hours. the end of this
period C rose to B.l gl-1. It can be inferred that at 1  hours, C had become
nearly constant as 7. + 1. at the exposed bed surface. this point, no

significant sediment exchange occurred as suggested by the subsequent flushing
process which indicated that there was almost no erosion of the bed. The very
small increase in concentration during the last 24 hour period may be
attributed to floc entrainment which can occur even when t, = 1., inasmuch as
the instantaneous value of the bed shear stress can exceed the mean as a
result of the statistical nature of near-bed turbulence as well as the shear
strength.

Resus ension Ex eriments

Three experimental series were conducted with different combinations of
the sediment and the fluid. These were: kaolinite in tap water (series KT),
kaolinite in salt water (series KS) and lake mud in salt water of different
salinities (series LM). In each test,

1) a given amount of sediment (of conce

in the flow at a high bed shear stress,

was then allowed to deposit under a com

period tg, 3) the flow was stopped and

a period Ty and 4) the bed was resuspended under a series of bed shear
stresses, 1, of increasing magnitudes, each held constant over a time-step of
duration T.

~As an example, Fig. 3 shows a test under the KS serjes with C, = 41.1
gl-1, 1, = 0.9 Nm=2,74 =0 Nm=2, t4=0 hr, Ty. = 5.6 days and bed shear
stresses, 1., during resuspension as indicaged in the figure, with each value
held constant over a duration T = 1.0 hr._ The nature of the time-variation
of C suggests that up to 7, = 0.30 Nm~2, C approached a constant value at the
end of each time-step. w1?h reference to Fig. 2, erosion under bed shear
stresses typs T OF T would represent this condition. During the last two
steps when 7, was 0.36 and 0.43 Nm-2, respectively, C continued to increase at
the end of each time-step. This occurred either because the duration T was
insufficient to erode the bed to a depth where the condition 7, = tg would
have been attained, or because 7, was greater than Tsﬁ'

In Fig. 4, C at the end of each time-step is plotted against the
corresponding t,. The observed relationship is typical of what is found for
most tests. The trend of the data corresponding to the first seven time-steps
during which C attained a constant value can be approximated by a straight
line. The remaining two data points give a line of a steeper slope. The two
lines intersect at 7, = 7., (= 0.34 Nm~2), the characteristic shear
strength. As noted previously with reference to Fig. 2, the steeper slope of
the_upper line results from a comparatively higher time-rate of change
of C when Tb > Tch.



The value of Zep can be found from

he value of C(T) corresponding

is shown in Fig. 5. Equation 2
m. Another feature of Fig. 4 is that
ed to intersect the C(T) = 0 axis,
yields the surface shear strength r. = 0.04 Nm-2,

Assuming that the condition ty = 1, is attained at the end of each of the
first seven time-steps, t. can be plotted against the corresponding depth of
erosion, z, since the 1at%er quantity can be calculated from Eq. 1, knowing

z) (Fig. 5) and C(T) at the end of each time-step (Fig. 4). This procedure
used to plot t.(z) profiles for all tests in the KS series in Fig. 6.
eral features 0? this plot are noteworthy. 1) By virtue of the definition
depth which is slightly less than or
(=0.04 Nm-2), does not change
T4cs because there is no overburden at
ncreases with T,. as the excess pore
ter-particle bonas rearrange
themselves. Finally, 4) the influence of Ty. on g increases with depth.

In Table 1, results from all tests in the three series are summarized.
The depth z., is relatively small (ranging from 0.03 to 0.40 cm) and it can be
considered %o represent the thickness of the top layer of the deposit.
Accordingly, a corresponding representative mean shear strength, <, of this
top layer may be obtained from

T / 'rs(z)dz (3)

As n ed earlier, the t ) profiles in F 6 extend to a depth
Z =Z.p, d therefore can b  sed to estimate using Eq. 3. Results are
given in ble 1. Values of range from 0.1 o 0.39 Nm-2, Such low values
are diffi 1t to measure usi standard soil t ing apparatuses.

It is interesting_to note the variation of g with Ty. and with
salinity. 1In Fig._7, tg is plotted against Ty. for series KT and KS. It is
observed that: 1) . inCreases initially with ﬁﬁc and, at least in the case of
KS, approaches a constant value as Ty approachies 10 days, and 2) KT values
are generally higher than KS, for a given Ty.. The latter observation is
consistent with the_flocculation characteris%ics of kaolinite as also noted
later. In Fig. 8, tg is plotted against salinity for series LM (T . = 1.7
days in all tests). ~The magnitude of t, increases with increasing salinity,
but the rate of increase decreases as tﬁe salinity approaches 10 ppt.
Previous observations on the influence of salinity on the properties of muds
indicate that cohesion increases up to about 10 ppt above which the effect of
salinity is relatively small (3,5). It might therefore be expected that g at
sea water_salinity (35 ppt) would not be significantly different from the
value of r, at 10 ppt.



With reference to the dependence of the characteristic shear
strength t., on T,. and salini , the trends fr  Table 1 can be shown to
be similar to those for , 4s wo d be expected. should, however, be
noted that .y is the s r stren h at depth z_, y, and does not
necessarily represent t mean sh r strength of 't ‘entire bed. This is
because 1., gives no indication of the shear stren variation of the bed at
depths be?ow Zene

Further inferences regarding the structure of the top layer can be made

by Tinity on z . In Fig. 9, zZ.h is
plo Two relevant observations are:

1) end with increasing , and

2) for a given Ty.. magnitude

of use the bed propert , including
Tg» T cr starting from the bottom and

progressing upwards as the material conso?1dates under overburden. The

thickness z, (of the layer of non-uniform variation of t.) is greater in the
case of KS in comparison with KT because the flocculationcharacteristics of
kaolinite are such that this sediment in salt water has a more open structure
than in tap water (11).

In Fig. 10, z.,, has been plotted against salinity for series LM. It is
observed that, aftér exhibiting a trend of decreasing magnitude with
increasing salinity up to 2 ppt, z_, increases with increasing sali ty.
Further experiments are required to establish the significance of t observed
behavior of z.,, up to 2 ppt salinity. The trend of increasing z.y th
salinities gréater than 2 ppt is consistent with the known trend of ncreasing
inter-particle cohesion of muddy sediments with increasing salinity. With
increasing cohesion, the structure acquires greater stability against
overburden, and is able to retain its non-uniform character more easily (11).

typical laboratory tests with beds of t

often tends to increase down to the flu

entire bed would erode. In the reporte

to z.y which is at least an order of ma

which tg could be expected to become un

Further analysis of the test data in te

erosion on g,-tg 1S required to estimate tq,. Using such an analysis
presented elsewhere, T Was found to be 2.%, 0.6 and 0.7 Nm-2 for series KT,
KS and LM, respectively (11). The value of = m does not depend on Tdc’ but
the depth at which it is first encountered reauces with increasing T4., as the
bed becomes increasingly uniform. For LM, the reported value of 0.7

Nm-2 should be considered as the average for all five tests at different
salinities, since the change in Tgn @S a result of the change in salinity was
not measurable in this series.

CONCLUSTONS

1) The erosive resistance of the top thin layer of a partially consolidated
cohesive sediment deposit depends on the shear strength, =g, which



1ncreases rapidly with depth, beginning with a value, t., near the
surface,

2) The top layer is_defined by a thickness z h and a representative mean
shear strength, r.. Laboratory experimen%s involving layer by layer
erosion of the deposit are required to determine Zep and tg.

3) The following ranges of values were obtained. Kaolinite in tap water
(series KT): z., = 0.03-0.16 cm, 1 = 0.23-0.26 Nm-2; kaolinite in salt
water of 35 pp% concentration (series KS): Z.p = 0.26-0.40 cm, ¢ = 0.15-
0.33 Nmn-2; lake mud in water of s linities varying from 0.5 to 16 ppt
(series IM): z ., = 0.09-0.17 cm, 1g = 0.16-0.39 Nm-2,

4) The parameters z. and :g are influenced by the period of bed
consolidation as well as by salinity.

5) Additional parameters which, together with z.,, and ;', define the depth-
variation of t. in the top thin layer are ¢ ?the va?ue of Tg Near the
surface) and 7., (the value of r, at depth Zep)- ‘

6) For depth z below Zcps Tg varies less significantly with z than for z less
than z h» and reachés a maximum value, Tsm> at some depth which typically
is mucﬁ greater than Zepe :
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NOTATION

The following symbols are used in this paper:

C = depth-averaged suspended sediment concentration;
CA’Q@’CC = three va]EFs of E}
C(T) = value of C at the end of time-step of duration T;
'E(T)Ch = value of C(T) corresponding to the depth z.p;
C. = initial suspension concentration;
h = depth of flow;
T = duration of time-step during resuspension;
T = mixing time;
Tde = period of bed consolidation;
t = time;
ty = time during which the sediment deposits;
z = depth coordinate below bed surface;

ZpsZgsZg = three values of z;



Z.h thickness of the top layer of the deposit
pp ~ dry density of the bed;

T, = time-mean bed shear stress;

Tha® THB> HC* D four values of T

Series

KT
KT
KT
KS
KS
KS
KS
KS
LM
LM
LM
LM

LM

1. value of T4 near bed surface;
Tcn = characteristic bed shear strength;
14 bed shear stress during deposition;

T, - bed shear stress during mixing;

b

1, = cohesive bed shear strength;
7; = representative mean shear strength of the top layer of
deposit; and
Tgn = maximum value of <.
Table 1
Properties of Surficial L er
Salinity Tdc Tch Zch Tg ¢
(ppt) (days) (Nm-2) (cm) (Nm=2)  (Nm=2)
=0 1.0 0.30 0.16 0.23 0.10
=0 2.0 0.30 0.11 0.23 0.10
=0 3.0 0.35 0.03 0.26 0.10
35 1.0 0.21 0.40 0.15 0.04
35 1.7 0.29 0.30 0.22 0.04
35 3.0 0.33 0.32 0.23 0.04
35 5.6 0.34 0.26 0.33 0.04
35 10.0 0.40 0.40 0.37 0.04
0.5 1.7 0.21 0.09 0.16 0.08
1.0 1.7 0.27 0.07 0.24 0.12
2.0 1.7 0.33 0.05 0.28 0.17
5.0 1.7 0.40 0.12 0.34 0.17
10.0 1.7 0.62 0.17 0.39 0.17
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Fig. 1. A Representation of the Physical States of Fine,
Cohesive Sediment under Tide-Dominated Flows.
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Fig. 2. A Representation of the Depth-Variation of the Bed
Shear Strength.
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Fig. 3. An Example of Experimentally Observed Time-Variation of
Suspended Sediment Concentration, Series KS, Tqc = 5.6

Days.
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Fig. 4. Concentration, C(T), at the End of a Time-Step against
Corresponding Bed Shear Stress, Th Series KS, Tye =
5.6 Days. :
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Fig. 6. Bed Shear Strength rS(Z) Profiles, Series KS.
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Fig. 8. ?s against Salinity, Series LM.
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11447530 SALRS:

Framed Le7A T SEPTEA=TN 1379

MEAN
DISCHARGE
(CFS)

15700
15500
15300
145090
16200

14290
14200
14000
18300
13600

12509
12509
124909
12100
12103

11970
11630
11302
11309
11350

11399
11100
11100
112090
11200

11800
11309
L1o90
111202
10991
11000

337109

OCTOBER

MEAN
CONCEN-
TRATION

(MG/LY

28
3z
29
27
28

30
32
30
28
26

27
EL)
42
39
42

%0
41
42
42
39

39
36
298
25
26

26
27
25
25
2%
24

SEDIMENT
DISCHARGE
(TONS/DAY)

1190
1340
1160
1060
1070

115¢
1230
1130
1080

831

319
1280
1410
1270
1370

1290
1280
1280
1280
11%0

1190
1030
819
756
726

800
B2s
Ta2
1712
736
713

330138

SUSPENDEO-SEDIMENT DISCHARGE (TONS/DAY)

MEAN
DISCHARGE
(CFS)

11100
109990
105080
10609
10630

10900
11300
11300
11200
11199

11190
11300
11590
11700
11900

11920
12969
127917
122¢4
13109

14100
150500
16190
15720
1483)

14200
13839
13511
13400
13390

373330

WATER

NOVE4BER

MEAN
CONCEN=
TRATION
(MG/L)

27
26
22
23
25

24
25
28
24
23

23
22
17
16
16

21
23
22
25
29

34
42
43
S3
L3}

33
33
32
33
21

- 14,5
l5.0 17,

- 1.0
159 15,0
9.5 -——
le.s 2145
1=.5 -——
15.0 2n. 0
- 19.5
-— 19,9
1-.5 18,5

20410

YEAR OCTOBER 1978 TO SEPTEMSER 1979

SEDIMENT
DISCHARGE
(TONS/DAY)

899
765
647
653
715

706
761
732
726
689

689
671
5218
505
Si4

675
T45
713
823
1032

1250
1770
2739
22390
1649

1272
1239
1179
1199

EEL

28387

MEAN
DISCHASZE
(CFS)

13400
13400
13630
13500
13000

128290
129400
13000
129¢0
12809

12739
12700
12339
12320
12909

12900
13270
13540
133259
13993

13509
13589
13599
135039
13300

13390
13299
13200
13200
13200
13409

4033939

DECEMZZIR

MEAN
COonZaN~
TRATION
(MG/7L)

—— 2549

] 22.5
21.5 -
23.0

= 21.5
2245

22.0 -——-

SEDIMINT
DISCHAAGE
(TONS/GAY)

832
a3z
ace
892
877

1043
505
632
532
553

St
655
543
7125
627

5217
6N%
433

943

=

467

4567
481
452
463
453
543

20871
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RIVER AT SACEAMINTC, Ca--Zonts

SUSPENDED-SEDIMENT DISC=ARGE (TONS/DAY), WATER YEAR OCTOSER 1978 TO SEPTEMRER 1979

JLNUARY FEB®JARY “LACy
MIAN MEAN YEAN
HEAN CoMIEN- SFRIMENT HEEN CoNIEN= MERN £l N
CISCHARGE TEATION DISImLRZE  DIST~sRGE TZAT{ON L15T-a%5E T-LTION
Tay (ces) (M5/L} LTCHS /DAY 1C7S) iM5/L) LCFS) fes/0)
1 13300 18 646 12600 30 izz2o 422900 75 £550
2 13200 13 463 14700 k) 1230 21600 75 10200
3 12100 15 531 la0c0 29 1100 £0e00 70 S6y0
[ 13300 14 S03 2 23 %20 A7500 55 2340
s 11300 15 £39 23 801 42260 (21 TAL0
6 12300 1s 503 22 154 5000 75
7 13300 14 503 23 776 11500 30
8 13600 15 €51 21 852 3rcc0 98
9 144500 c8 1100 19 510 2-500 152
io 16100 35 1520 20 626 2000 101
11 15100 Y] 2480 11400 23 14 {658 95 6450
12 130 o700 11400 20 16 25600 84 5674
13 130 17500 12400 23 770 23500 71 4500
e 140 13200 16700 35 1580 215190 60 3480
15 1450 16560 3i800 270 23200 20400 50 2750
16 %3600 2z0 22500 37600 190 39400 20500 50 zZ170
17 “£100 250 47300 25100 350 1E800 22800 60 3t90
18 ~3700 280 33000 41100 260 22530 Z6800 65 aT00
19 38300 160 16500 41E00 165 18600 22600 60 4530
20 33400 105 5470 “6500 180 22600 28900 S5 4290
21 23500 85 72%0 51400 azo0 36500 27200 50 3670
22 25600 70 4B80 57000 180 27700 23500 56 3610
23 23200 50 3150 £45600 150 34200 21600 60 3500
26 21400 55 3i80 71300 160 30800 20300 60 3290
25 19600 65 3470 70700 115 22000 19100 60 3090
26 18300 “8 2370 ceepp 110 15700 16400 60 2980
27 17400 40 1880 57100 118 17700 18700 56 2330
28 16400 38 1680 7400 12200 21600 ao 4670
29 15800 34 1450 -—- .- 25200 210 16900
30 15500 32 1340 ——— --- 32200 360 31300
31 15300 31 1280 - - --- (400 365 30000
TO0TAL 718900 - 226679 906400 - 378003 964100 - 233680
SUSPENDEC-SEDIMENT DISCHARGE (TCNS/CAY), WATER YEAR OCTOBER 1978 T0 SEPTEM2ER 1579
EPRIL MAY JUNE
MEAN HEAN KEAN
MEAN EN= SEDIMENT UIAN C5nCEN= ZTOIRENT MEAN CINCEN= SEDINENT
DISCHARGE TFATION DISCHARGE  DISCHLZGE TRATION CISCHARGE  DISCHARGE TRATION D!SCHARGE
Cay (CFS) (MG/L0 ITONS/DAY) (CFS) (MG/L) (TENS/DAY) (CFS) (MG/L) {TONS/DAY)
1 26200 220 15€00 14300 34 1310 15500 26 1890
2 26100 120 8460 14400 34 1320 13800 23 857
3 22800 85 5690 14600 36 1440 13200 22 T84
3 23800 82 5270 14100 32 Lz20 13100 19 672
S 22400 78 4720 12960 27 340 12200 22 725
6 20400 68 3750 12590 27 540 11500 20 621
7 18800 60 3050 12300 28 1050 11300 24 732
8 18500 58 2900 17200 36 1670 11800 27 860
9 18000 56 2120 15600 40 2120 11400 27 831
10 17000 56 2570 20100 .6 2500 11000 24 713
11 16100 56 2430 15200 43 2210 11000 22 653
12 15500 Se 2320 JEE00 38 1720 11100 22 659
13 1a700 s2 2060 15600 36 1880 11600 21 658
14 13400 .6 1660 16200 38 1660 11600 22 6589
15 12600 40 1360 17200 [ 2040 11800 22 701
16 12500 39 1320 16000 56 2720 11600 22 689
17 12800 «0 1380 18100 62 3030 11300 24 732
18 13100 30 1060 18500 61 3050 11300 24 732
19 13100 25 e84 19300 59 2070 11600 27 BaAG
20 12700 26 g9z 2c390 55 3010 11800 27 860
21 11200 25 756 20400 54 Z570 11500 26 8135
22 10100 25 682 206400 48 2670 12100 32 1650
23 11000 29 861 Zi1800 43 2530 11500 21 868
24 13200 36 1280 Zz1e0 40 2390 12200 27 &89
25 14900 43 1730 22600 sl 2S00 12700 27 526
26 16300 49 2160 22300 38 2290 12700 26 892
27 16300 45 1580 20790 36 2010 12500 24 810
28 16200 .0 1750 15700 32 1700 13100 30 1060
29 16600 34 1700 18€00 32 1620 13500 33 1200
30 15700 37 1570 18C00 30 1460 14100 3a 1290
3] --- --- .= 17100 29 1360 ¥ --- --- —--

TOTAL 496400 --- 85765 557500 - 62240 366200 —— 24924
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SUSPENDED=SEDIMENT D[SCHARGE (TONS/DAY), WATER YEAR OCTOBER 1978 TO SEPTEMBER 1573

JuLy AUGUST SEPTEMRER
ME AN MEAN MEAN
HEAN COMCEN- SEDIMENT MEAN CONCEN= SEOIMENT MEAN COmMCEN- SEOIMENT

DISCHi3GE TRATION OISCMARGE OISCHARGE TRATION DISCHARSE DISCHARGE TRATION DISCHARSE

Jay (CF3) MG/} {TONS/DAY) (CFS) MG/ {TONS/0AY) {CFS) MG/ (TONS/CAY)
1 149090 34 1370 17200 30 1390 13800 48 1750
2 15590 35 1460 17100 28 12990 14300 48 1780
3 16290 EL) 1530 17100 29 1340 14500 45 1800
. 16609 35 1570 17000 30 1380 14400 46 179¢
S 16500 34 i1slo 16990 30 1370 14700 45 17990
6 16400 33 1460 171q0 30 1390 14800 44 1763
7 16300 32 1410 173080 31 1450 15100 4] 1759
3 16300 32 1410 17500 32 1510 15300 A2 1740
9 16599 33 l480 17630 a4 1280 15700 42 1783
10 16330 32 1450 17400 25 1170 15900 4t 1762
11 169090 33 1510 17000 24 1100 15500 41 1720
12 16430 32 1420 17000 27 1240 15500 AQ 1670
13 16000 32 1380 17000 28 129¢ 15400 40 16460
14 15600 33 135¢ 16600 28 1250 15100 9 1590
15 156400 32 13590 16400 26 1159 14900 39 1570
16 15300 29 1200 15300 26 1120 15100 a8 15549
17 15200 27 1110 15900 26 1120 15100 37 1519
18 15000 26 1050 15330 29 1240 14900 36 1450
19 1s100 28 1140 15600 3o 1260 14600 34 13490
20 15800 29 1240 15590 27 1130 14S00 32 1250
21 17000 33 1510 15300 27 1120 14400 3 1320
22 17600 34 1620 14700 28 1110 14500 3 1330
23 17800 3a 1630 144900 28 1990 14300 33 1279
24 17890 30 1440 143¢0 32 1340 14300 32 1240
25 17500 28 1320 13820 33 1230 14000 31 1170
26 17500 28 1320 13700 s 1260 13200 28 998
a4 17299 28 1300 13300 37 1330 13100 . 26 920
28 16330 a7 1229 12900 39 1360 13200 2s 891
29 16700 28 1260 12800 37 1280 13200 24 855
30 16999 28 1280 12800 36 1180 13700 23 asi1
31 17002 3l 1420 13100 46 1630 = e CLL
TOTaL 50843389 -— 42760 486000 === 39300 437000 bt 43895

YEAR 6553000 1219542

SUMMARY OF WATER AND SEOIMENT DISCHARGE, WATER YEAR QCTORER 1978 TO SEPTEMBER 1979

WATER SUSPENDED BEDLOAD TOTAL
MONTH DISCHARGE SEDIHENT DiSCHARGE SEDI[MINT
DISGHARGE DISCHARGE

CFS-DAYS TONS TONS TONS
0CTO8ER 1978 387100.00 33838.00 .17 33500
NOVEMBER +.. 373300.00 28987.00 406 29400
DECEMZER 44, 409300.00 20471.00 473 20900
JANUARY 1979 718900.00 226879.00 23800 250090
FE3RUARY ... 909400.00 378003.00 87700 465900
MARCH wevnaa 904100,00 233680.00 37800 271090
APRIL wvuvns 495400,00 85765.00 3550 89300
MAT tiiien.. 557500,20 62940.99 3739 65220
JUNE taaeaa. 366200.90 24924.00 302 25297
JULY weenans $33350,00 42765.00 1899 44639
AUGLST suue, «85009.00 39300.90 1530 40900
SEPTEN3ZR ,, 437039.00 43635.00 900 44339

TOTAL saarne 6553990.29 12195+2.909 161943 13alag0
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PERIODIS DETERMIANATIONS 7°F
CONCENTRATION AND TURRIDITY, WATLK YEAR

STRE M-
FLCwe TEMPER~
INSTAN= ATJRE s
TIME TANESUS wWATER PINDED
UATE {CFS) (DEG C) (MG/L) (Tr/CAY) (NTU)
2030 13500 21.5 22 826 7.0
2045 12200 18.5 30 958 10
2015 13800 18.5 26 569 P
1205 13690 18,5 3 1250 8.0
1260 137200 18.5 40 1430 10
1325 12260 18.5 «2 1320 10
2015 16900 17.0 IS 1210 7.0
1910 2900 17.5 39 337 8.0
1630 16900 18.5 20 589 6.0
1830 11700 18.0 28 895 8.0
1930 11660 16.5 24 739 8.0
1710 8220 15.0 19 422 7.0
1630 2980 13.0 19 461 6.0
1610 2590 13.5 22 510 7.0
1740 8100 14,5 16 350 6.0
1620 11400 14.5 02 1250 6.0
1445 10300 14.0 22 612 7.0
1930 12000 8.5 16 518 640
1730 9300 8.5 13 326 5.0
Y 1645 10600 11.0 20 572 7.0
1645 11600 10.5 20 626 6.0
1230 14100 11.0 53 2020 1.0
1615 14200 10.5 35 1340 12
1665 13900 10.5 30 1130 10
0920 14000 10.0 28 1060 8.0
< 2130 14500 10.0 24 940 7.0
i 1745 13100 10.0 19 672 5.0
3 1615 13000 8.0 33 1160 6.0
Py 2030 14000 11.5 20 756 6.0
x 2015 13900 7.5 17 638 4.0
1300 11600 7.0 13 4lé 5.0
1330 11200 7.0 11 333 .0
1545 11300 5.8 13 397 4.0
S 1415 12100 9,5 19 621 5.0
[ 1620 13600 8.5 19 698 6.0
1315 13700 8.0 16 592 5.0
v 1415 13600 7.5 33 1210 5.0
1530 13200 7.0 12 428 «.0
1530 5810 7.5 11 291 5.0
1815 10100 6.0 9 245 4.0
1530 12800 6.5 14 484 4.0
1405 13900 6.5 24 901 6.0
2030 10900 6.0 11 324 5.0
1450 13800 7.0 16 $96 5,0
o 1545 13200 14.0 13 463 6.0
3 2115 16500 9.5 36 1600 17
% 1040 31600 10.0 141 12000 4s
¢ 1620 35600 10.5 125 12000 40
& 1255 34800 9.5 145 13600 65
| 2200 39900 9.0 189 20400 90
0945 43200 10,0 231 25900 55
1615 44900 10.0 196 23800 60
1645 46200 10,5 IS 55800 160
1340 43400 10.0 228 26700 30
1400 43600 10.0 257 36300 95
1430 43300 10.0 220 25700 a5
1540 37400 9.0 130 13100 50
¢ 1720 29100 9.5 a8 6910 a0
1715 25500 10.5 70 <620 32
1845 21900 9,0 66 3900 28
1720 19300 3.0 58 120 25
1745 13500 8.5 37 1350 18
2145 14600 1.5 31 1220 18
0730 14200 7.0 33 1270 14
1645 9940 9.5 19 510 10
1745 13000 9.5 26 913 13
1940 13300 10.0 22 790 10
1845 12200 10.5 19 526 10
12645 12400 12.0 25 837 9.0
1715 35200 10.5 365 34700 70
1645 38000 10,0 400 41000 160
1740 42100 9.5 244 27700 90
¢820 50800 9.5 237 12500 70
0835 50800 9.5 195 26700 75
0940 51300 10.0 183 25300 70
1845 58600 16,5 164 73900 70

%



SACRAMENTD RIVER 3ASIN

11447500  SACRAMENTO RIVER AT SACRAMENTO, tA--Jontiaued

PERIODIC DETZRMINATIONS JF SUSPENDED-SEDIMENT
CONCENTRATION AND TURBIDITY, WATER YEAR OCTOBER 1973 to SEPTEMBER 1372

SEDI~
MENT
STREAM= SEOI~ pls-
FLOWs  TEMPER-  MENT,  CHARGE. TUR~-
INSTAN-  ATURE,  SUS- sUS- 810~
TIME  TANEOUS  WATER PENDED  PENDED ITY
DATE (CFS)  (DEG C) (MG/L)  (T/DAY) (NTU)
FEB
234, 2930 56600 9.0 204 36700 120
2544 1345 70800 10.5 12 21400 40
2T... 2160 53700 9.5 114 16500 sQ
2940 1840 43530 9.5 83 9750 45
uAR
04.0s 1530 46600 11.5 63 7930 21
0Tees 1910 34500 12,5 93 8660 26
10.s. 1840 28900 13,0 100 7560 25
12444 1615 25000 14.5 82 5540 24
15400 1610 20500 12.5 49 2710 16
18400 1715 28200 12.5 64 4870 17
1940 1615 29100 12.5 58 4560 13
21.0s 1340 26704 13.0 49 3530 15
2244 1745 23900 14,0 62 4000 17
26000 1845 18200 12.5 60 2950 23
3000 2129 31200 12.5 411 34600 160
APR
0200 1830 26300 13.5 99 7030 25
04eee 1745 23900 15,0 a1 5230 20
09e0. 1615 16900 15.0 51 2330 16
12400 1720 16500 16.0 60 21350 17
1700 0740 9840 15.5 33 877 17
17e0e 0915 11000 15.5 30 891 13
17400 1035 12700 15.5 a7 1270 13
1940 1645 14000 14,5 25 945 12
23,4 2115 13400 18,5 35 1270 13
2544 1645 14200 15.5 43 1650 14
2600 1845 15400 15.0 49 2040 14
30... 1530 16800 15.5 40 1810 15
MAY
03ea- 1830 15700 15.90 38 1610 13
06cas 1815 12900 14.5 25 ar1 1
09e0s 1230 20500 15.0 a1 22710 13
10440 1430 21100 16.0 S0 2850 17
17... 1430 18700 19,0 65 3280 1e
2344, 1730 21400 21.5 39 2250 12
2644 2045 20700 20.0 36 2010 10
27400 2020 20100 19.5 32 1740 10
1545 19600 19.0 29 1540 10
1300 18490 18,5 32 1590 10
1330 18300 18.5 32 1580 [
1545 12900 22.5 19 662 7.0
0944 2020 10300 20,0 26 723 9.0
N.s. 1630 12600 22,5 24 804 10
13... 1610 13390 21.0 22 790 8.0
16aee 1845 12900 20.0 23 801 9.0
1744, 1945 12300 20.0 24 797 9,0
9.4, 1615 11200 23.0 26 786 10
21,4, 1945 11900 20.5 24 771 9.0
2240 1430 13300 22.5 36 1290 12
24400 2015 11290 22.5 24 126 9,0
1000 12800 20.5 27 933 12
1025 13400 20.5 27 977 12
1065 13200 20,5 26 927 11
1710 13500 22,5 18 1390 13
1710 16630 23.5 s 1380 1
2020 16570 21.0 33 1470 9.0
1710 17200 22.5 kDS 1580 8.0
2015 16100 22.5 32 1390 10
2010 15390 22.5 33 1e20 10
20645 15940 23,0 30 1290 8.0
1515 14730 25.0 25 992 9.0
1545 15750 23.5 27 1150 11
2915 172600 26,9 34 1540 9.0
1430 18310 25.0 3z 1620 9.0
1319 18211 22,5 29 1430 8.0
1215 170089 22.5 26 1190 9.0
1830 17600 22.0 28 1330 9.0
2015 17100 23.0 38 1750 8.0
1530 16790 24,5 29 1260 8.0
1715 16870 23.0 28 1270 9.0
530 18499 22.0 23 1149 6.3
1530 16300 22.5 25 1089 9,0
9319 17270 22.0 26 1210 10
3919 17399 21.0 27 1250 il
392% 17390 21.0 29 1360 10

Inlo 17400 21.9 30 1419 9.0

e e e A in i A A Al b e R+l . R i e e i R e
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SACRAMENT) UVER 3A3[N 31

) RIVER AT SACR
PARTICLE-STZE DISTRIBUTION OF SURFACE 3JED MATERIALs wATER YEAR 0OCTC3E3 1978 t10 SERTEMIZA 1379

LI437300  5acayvezyT T3, IA--Toncinued

3EB 8ED 8ED 3ED 8ED 3€0 BED 3E9
NUMBER yaT, MAT, MAT, MAT, MAT, MAT, MAT, uAT,
STREAM= OF STEVE SIEVE SIEVE SIEVE SIEVE SIEYE SIEve STEVE
FLOW TEMPER- SAM- DIlam, DIAM, DIaM, Dlaw, Dlav, Dlau, olawu, DIaM,
INSTAN= ATURE, PLING ¥ FINER % FINER 3 FINER % FINER % FINER ¥ FInER 3 FINER g FInca
TIME TANEOUS WATER POINTS THAN THAN THAN THAN THAN THAN THaN THaN
(CF5) (DE3 ©) (V62 MU (125 MM ,250 MM .S00 uy Le00 M9 2,00 MM 4,00 wm 8.00 uM
1230 L2009 18,5 5 0 2 6 58 96 100 -
1231 - - - 0 1 ) 58 98 100 - -
1232 -- -~ -- 0 1 11 a7 98 100 - “a
1233 -- -~ - - 9 14 77 94 98 100 S
1234 -~ - - 0 3 Se 97 99 100 -
1305 11801 7.0 S 0 3 64 98 99 99 109
1306 - - -- 1 2 23 96 100 -- -—
1307 - == - - 9 12 84 99 100 - -
1308 -- -- - 0 1 3 6l 97 100 - .-
1309 -- -—— -- [} 17 24 66 93 99 100 -
lago 43600 10.0 5 S 15 24 &7 94 logo -
1a%1) -- -- -- 0 1 7 66 97 100 -
1402 -~ - .= 0 i 27 89 99 too --
1403 -- -- -- -- ] 22 87 96 99 100
1404 - -- -- 0 2 60 100 -- -~ -
0835 50800 9.5 5 1 14 63 97 100 - .
0836 - - -- -- [} 11 66 97 100 -= :
0837 - -~ - -- (] 10 77 98 100 - .
0838 - - -- - [] 27 94 98 99 100
0839 - -- -- 0 3 87 100 - - - =3
1300 26400 14,0 5 - 2 19 7l 98 100 - -
1301 - -- -- - 0 3 80 98 100 - H
1302 -—- - -- - [] 6 82 97 99 100
1303 -~ -- - Q 1 23 94 99 100 - -
1304 - -- -- ] 1 58 99 100 -- -—
0915 11000 15.5 i/ -- 76 as 93 97 99 100 s
0916 -- -- -- 2 2 1o 50 94 100 -- .
0917 -- - -- 8 12 20 as 98 99 100 -
9918 - - - 0 1 11 90 98 100 - 3
0919 - -~ -- 0 1 22 97 99 100 -
0920 -- - -- 10 18 68 97 99 99 100
17,.0 0521 - -— -— 27 69 94 99 100 -- -
1530 13900 18.5 5 - 0 37 96 109 -~ - -
1531 - - -- [] 1 17 92 93 100 - .
30.,. 1532 -- ~- -- 0 2 15 94 100 - - -
30... 1533 - - - -~ 0 & ar 99 100 - -
30... 1534 -- - -~ 2 12 64 94 99 100 -
JUN
2644, 1014 13300 20,5 S 9 14 26 63 92 loo -= -
264, 1015 -- -- -- 1 3 9 90 99 loo - -~
2644 1016 -- == -- 2 3 ? 78 95 98 100 -
268440 1017 -- -- - 1 2 12 81 97 109 - -
26440 1018 -- -- -- 0 1 36 96 99 190 -= -
JUL
25440 1235 18200 26,0 s 6 13 31 T4 95 100 - -
2544 1236 -- -- .- 0 1 4 77 97 100 -- -
- T 1237 -- -- -- 1 2 7 90 100 - -- -
25,40 1238 -- -~ - 0 2 32 93 97 98 99 100
25... 1239 -- -- -- 1 3 Sl 98 100 .- - -
AUG
1%t/600 0930 17360 21.0 S Q 3 16 61 93 100 -- -
17000 0931 -~ -- ~- -- 0 3 72 96 100 -- s
17600 0932 -- -- -- 0 1 8 a2 96 100 -- -
17... 0933 - -- -- 0 1 13 94 99 109 -- -
17... 0934 -- -- -- 1 4 45 97 99 100 -- o
SEP
13... 1330 12759 22.5 1 4 21 69 96 109 - -
alooa 1331 -- -- - 0 2 9 92 99 199 -- -—
13... 1332 -- - -- 0 1 11 91 98 109 -- -
13... 1333 -~ -- == 0 2 19 90 95 96 98 1oo
3., 133a -- -~ -- 0 2 42 99 100 -- - aa
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11447500
.atat Is?3v1l2v, long LIi°30'le’, 3
3ud Ay apstrean from i Street 3ridge, in

River,
JRAINACE AREA.==23,302 =1® (50,370 km?.

EY 1350 RECIRUS,=-wJR 1A-76-4: drainags arel,

, Jun2 to Novenber 1921, October 1948 to curr2atl
ro M1y 1333, Decembec 1390 to Septesmder 1965 are

heights colleczea in this vicinity Novesder

OF RECORD.--January 1304 to July 1905 {gage heights onl
age i
1n reports of U.S. Weather 3ureau.

JAGE. --¥ater-stage rvecorder. Datun of gaze is National Jeodetic Yertical Datum of 1929, Prior to Jct., i3, 1912,
nonrecording gage in vicinity of I Street 3ridge. Jct. 15, 1912, to Nev. lo, 1950, water-stige recaoriarc
at various sites in vicinity of [ Street 3ridge. Prisr to Nov. 186, 1959, datun of ziges at low-witer mark
of Oct. 23, 1856, 0.12 fr (0.937 my NGVD. Auxiliary water-stagz2 recocldsr on right bank 10.3 @i (17.4 km)

downsirein near Freeport.

REMARKN3, --Records good above 3,900 frd/s (227 73/5) and fair bSelew. Natural flow of stream affected Hy storage
power Jevelopment, diversions £ar irrig:nion, 1nd r2tura flow from irrigarsd areis., Flood flows
bypass station through Yolo B3ypass {szatisns (141a2 10455500},

AVERAGE DISCHARGE.--31 years (water vears 1343-79), 13,539 It’/s (643 al/s), 17,u91,900 acre-ft/yr iIl.1 km'/yrj.

«imun discharge, 104,300 £t’/s (2,950 =*/s) Nov, 11, 19s9,

EXTREMES FOR PERIOD OF RECORD (since L943).--M
thea in ase; minimun daily, 3,970 Et?/s (112 =%/s) Oct. 15, 1977,

elevation, 30.14 ft {9.187 mj site and da=

EXTREMES OUTSIDE PERIOD OF RECCRD.--Maximun dischargs known prior to Nov. 21, 1950, 103,000 fed/s (2,920 m’/s)
Jan. 17, 1909, elevation, 29.6 ft (9.02 m) present datum, from reports of California Department of Water
Resources.

EXTREMES FOR CURRENT YEAR. --Maximum laily discharge, 71,300 ft?/s (2,020 m%/s) Feb. 24; minimum daily, 10,100 ft’/s
(286 m3/s) Apr. 22.

DISCHARGE. IN CUBIC FEET PER SECONDs WATER YEAR OCTOBER 1978 TO SEPTEMBER 1973
ME AN VALUES

Oay ocT NOV DEC JAN FER MaR APR May JUN JUL 4UG SEP
1 15700 11100 134990 133179 15009 42290 28209 14399 15390 14300 17200 138490
2 15500 10900 13400 13219 la700 50499 26109 14400 13801 155090 17140 14300
3 15300 10990 13600 13190 14000 52400 24390 14890 13207 16239 17100 14500
\6 14500 10630 13500 13300 13290 57509 23800 lsino 13100 16420 17000 14400
S L4200 10600 13000 13300 12500 42290 22400 12510 12200 16500 16509 14700
-} 14200 10390 12890 13399 12709 38120 20870 12902 115040 16320 17100 14830
7 14200 113090 12900 13310 12509 343503 18332 133922 11300 16139 17309 15129
8 14000 11303 13000 12629 12290 31590 18300 17219 113019 1533 17500 15399
9 14300 11290 12999 144502 119990 265046 19033 156990 l1e09 15519 17609 15700
Lo 13620 11100 12800 16100 11630 28330 17000 2oln0 11000 16373 17430 15900
Ll 12630 11100 12700 19109 11439 26500 16190 190n0 11000 163040 17900 15500
12 12530 11300 12700 305432 11400 250010 15900 16310 11100 16400 17000 15500
L3 12490 11500 129040 35339 12400 233500 14700 15290 116400 16060 17000 15400
ia 121100 11700 12307 343%) 18709 215439 13430 16210 11530 15690 16600 151040
15 12100 11920 12502 3R21G 31309 20499 12699 172919 11800 15600 16800 14900
Lo 119920 11900 129009 43400 37600 20530 12500 18990 11689 15370 15900 151090
7 115390 120690 132959 a5199 19160 22390 12300 18190 113019 15299 15900 15100
%] 11300 120990 13509 43709 41100 25329 13103 145920 11300 15299 153800 14990
19 113u0 12299 13829 313399 413090 231139 131900 19300 11630 15190 15600 14530
20 11330 13100 13970 13639 45500 28530 12700 29300 11800 15420 15559 14530
2l 11320 1400 13500 29599 Slann 27209 11299 2)a)0 119730 17003 15309 16499
22 111392 15613 13530 25433 579499 23709 101239 256900 12199 174990 14709 14539
23 119 16179 13529 231389 LIale Db} 2146450 11009 zlan 11300 178779 1as22 14299
2u 112049 15770 13500 21409 TiL3on 20339 13274 22199 12290 17350 14319 14339
29 112729 14339 13300 198139 791709 13100 18333 22509 12700 173453 13890 1427)
26 11490 14290 13309 18330 665139 12«2 16130 22309 127909 17533 13701 132¢0
27 11309 134830 13200 17400 57109 18727 16333 20790 125469 172451 13109
28 11077) 13500 132990 16409 «7509 21579 1627 13739 13100 165332 13290
29 11009 13?20 13209 153499 ==a 23402 [ R-Tapi] 13330 1353) 15722 132010
BD] 199¢9 13520 132499 15599 -z 32279 15797 19332 1al130 16570 13709
31 11930 - 13«40 $39) - 36 - 17162 o] 1795 -—
TOTa_ 3R71196 3733499 403199 T13332 DL Q0+ 174 495435 557591 36A2739 503399 43756
vEaN 12493 12649 13239 23193 Jfasd 29155 165549 17970 12211 1680 1457)
Max 157110 16199 134929 LER D] Ti3en S22+ 2823 155339 17339 16300
NN 19550 10629 127¢0 13113 11439 18418 10139 11909 14990 12439 131090
AC-FT 7673460 743450 dli409 1425239 tH3277) 17933359 G9A665) L1g629 725233 10073300 1H+7230 86423139
CaL YR 1974 TOTAL 2357300 MEAN 254« Max 73329 v 10230 AC=FT 185453037
aiR YR 1979 TOTAL 55539900 “EAN 1755 MAg 7130 “i% 10100 AL=F1 13un0233

-
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A discussion of these curves is given on the preceding page
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158 TABLE 2.—TIDAL DIFFERENCES AND OTHER CONSTANTS f
Range.—The mean range is the differenc

r. T ra average s f

the ng 1. It is 1 ;

ther nal and is o |

tide is diurnal. The diurnal range is the d
water and mean lower low water.
Caution.—TIor stations where the tide is

tained through the height differences or ratios
the locality. To obtain the depth at the time
ould be added to the depth on the chart unless
be subtracted. To find the height at times
some foreign charts the depths are given in
tide can be reduced to meters by multip

rica For the rest of the area covered by these tables
atums generally used are approximately mean low water springs, Indian spring low
water, or the lowest possible low water.
Mean Tide Level (ITalf Tide Level) is a plane midway between mean low water and
mean high water. Tabular values are reckoned from chart datum.
Note.—Dashes are entered in the place of data which are unreliable, unknown, or given
in another part of this book.
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531
533
535
537
539

541
543
545
547
549

551
553
555
5517
559
561

563
565
567
569
571
575

575
577
579
581
583

585
587
589
591
593
595
597

599
601
603
605
607
609
611

613
615
617
619
621
623

TABLE 2.—TIDAL DIFFERENCES AMD OTHER CONSTANTS

POSITION
PLACE
Lat, Long.
CALIFORNIA—Continued
San Francisco Bay—Continued N W
Time meridian, 120°K.
Bay Farm lsland Bridge-----====="=-= 37 45 14
Oakland Alrport==-=mm=c==—=-=—==——== 37 44 12
Potrero Polnt==m==c=—eccm——momomooe 37 46 23
Point Avisadero, Hunters Polnt 37 44 21
Roberts Landing, 1.3 miles west of-- 37 40 12
Polnt San Brung=---—---=-=====gF----= 37 39 23
Coyote Point--==---- 37 36 122 19
San Mateo Bridge 37 35 122 15
Coyote HIll Slough enfrance=----=--= 7 34 122 08
Redwood Creek entrance (lnside)----- 37 31 12
Smith Slough===mm=m=m-—=—ccommm—om—— 37 30 14
Dumbarton Hlighway Bridge-=-=-~=------ 37 30 o7
Palo Alto Yacht Harbor-----====-=--- 37 27 06
Calaveras Point, west of —=========-- 37 238 04
Mud Slough Railroad brldga-===-==---= 37 28 58
Alvlso (bridge), Alvlso Slough-—==--- 37 26 55
Guadalupe Slough--====-=~m===c=--=--= 37 26 02
Sausal lto==m==—r---—=r-=== 37 51 29
Angel [sland (west side)-- 37 £2 27
Angel lsland (east slde)-- 37 52 122 25
Polnt Chauncey--m===—==-=====-~o===- 37 53 122 27
Berkeley====-m==remsms===oosoo= 37 52 18
Folnt lsabel-====-m==--em-e-c=em=—ao- 37 54 19
Richmond=---~===c===zn-o—sssm==—ooos 37 55 122 21
Polnt Rlchmond 37 § 24
Polnt Orlent=m=-=m=-romomommmoneoo== 37 57 26
Polnt San uenftin----—===-==——-s==o= 37 57 122 29
San Pablo Bay
McNear--- ——- - 37 59 27
Plnole Polnt==m-===—=re===a=-—ooo-oes 38 01 22
Hercules - mmm s m—— o 38 01 122 18
Petaluma River entrance---=--=---=--= 38 07 122 30
Lakeville, Petaluma Rlver--==-----== 38 12 122 33
Upper drawbridge, Pataluma Rlver---- 38 14 122 37
Sonoma Creek entrance-—=----——=="7""~ 38 09 122 24
Carquinez Strait

Selby--—msmrmm=—mo—mooo—mmo—ooeommes 38 03 122 15
Mare lsland Strait entrance--------- 38 04 122 15

Vallejo, Mare lsland Siralt=--=-—==—= 38 122
Napa, Napa Rlver-======-===-===—-===s 38 18 122 1
Crockett 38 03 122 13
Benicla, Army Polat-=---=ms——=cn==== 38 03 122 08
Suisun Point 38 02 122 07

Suisun Bay

Port Chicago —— 38 122

Plttsburg, New York Slough-=-====="< 38 02 121
Polnt Buckler==m==-—=s=-===—==o-o=-== 38 06 122 01

Suisun Slough entrance= -~ 38 07 122
Sulsun, Sulsun Slough=m===mm=--= -~ 38 14 122 02

fteins Landing, Montezuma Slough=---- 38 08 121

-

DIFFERENCES

Time
High Low
water water
m. m.

Height

High

water

Low
water

on SAN FRANCISCO, p.72

+1
+1
+1
+1
+1
+1
+1

+1
+1
+1
+2
+1
+1
+2

+2
+3
+2
+2
+3
+3

46

23

+0
+0
+0
+0
+1

+1
+1
+1
+1
+1

+1
+1
+1
+1
+2
+2

+2
+0
+0
+0
+0
+0
+0
+0
+0
+0
+0

+1
+1
+1
+2
+2
+2
+2

+1
+2
+2
+2
12
+2
+2

+3
+4
+5
+3
+4
+4

52
40
40
43
22

04

18

+0.8
+0.3
+0.6
+0.9
+1.5

+1.2

+1.5
+1.9

+2.1

+2.2
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72 SAN FRANCISCO (Golden Gate), CALIFORNIA, 1989

Times and Heights of High and Low Waters

JANUARY FEBRUARY MARCH
Time Height Time Height Time Height Time Height Time Height Time Height
Day Day Day Day Day Day
hm ft m h m ft m hm ft h m ft m h'm ft h m ft m
1 0559 5.6 1.7 16 0618 6.5 2.0 1 0016 3.6 1 16 0152 3.2 1.0 1 0455 5.5 1,7 16 0046 3,1 0.9
Su 1306 1.3 0.4 M 1329 0.1 0.0 W 0640 6.0 8 Th 0757 6.2 1,9 W 1224 0.6 0.2 Th 0635 5.5 1,7
2000 3.5 1,1 2051 4.2 1.3 1406 0.2 1 1506 -0.3 0.1 2045 4,0 1.2 1346 0.1 0,0
2354 2.9 0.9 2158 4.3 3 2223 4,9 1.5 2359 3,7 1.1 2106 4,7 1.4
2 0637 5.8 1.8 17 0040 3.1 0.9 2 0127 3.6 1.1 70249 3.0 0.9 2 0601 5.6 1.7 17 0151 2.8 0.9
M 13556 0.7 0.2 Tu 0714 6.6 2.0 Th 0734 6.2 1.9 F 0852 6.2 1.9 Th 1326 0.1 0.0 F 0744 5,5 1,7
2119 3.8 1.2 1428 0.3 0.1 1451 0.3 0.1 1548 -0.4 0.1 2117 4.3 1.3 1437 0.0 0.0
2154 4.6 1.4 2231 4.5 1.4 2259 5.0 1.5 2145 4.8 1.5
3 0054 3.2 1.0 8 0149 3.3 1.0 3 0223 35 1.1 18 0339 2.6 0.8 3 0109 34 1.0 18 0242 2,3 0.7
Tu 0722 6.1 1.9 W 081l 6.7 2.0 F 0825 65 2.0 Sa 0940 6.1 1,9 F 0707 58 1.8 Sa 0839 5.4 1,6
1438 0.2 0.1 1520 -0.6 0.2 1634 0 7 -0.2 1624 0.4 -0.1 1419 0 3 -0.1 1515 0.0 0.0
2215 4,2 1.3 2243 4.8 1.5 2303 47 1.4 2331 5.0 1.5 2148 4 5 1.4 2217 4.9 1.5
4 0152 3.5 1.1 19 0249 3.3 1.0 4 0312 3,2 1.0 9 0421 2 3 0.7 4 0209 3.0 0.9 0327 1,9 0.
W 0804 6.3 1,9 Th 0900 6.7 2.0 Sa 0920 6.7 2.0 u 1022 59 1.8 Sa 0809 6.0 1.8 0929 5,3 .
1517 -0.3 0.1 1605 -0.8 -0.2 1615 1.1 0.3 1656 0 3 -0.1 1502 0.7 0.2 1551 0.1 o0,
2257 4.5 1.4 2329 5.0 1.5 2335 4.9 1,5 2359 5 0 1.5 2219 4.7 1.4 2245 4.9 1,
5 0241 35 1.1 20 0344 3,2 0 5 0358 2.8 0.9 20 0500 2.1 o, 5 0258 2.4 0.7 20 0404 1.5
Th 0849 6 5 2.0 F 0949 6.7 0 Su 1006 6.7 2.0 W 1101 5.6 1. Su 0904 6.2 1.9 M 1014 5.1
1559 -0 7 -0.2 1646 -0.8 2 1654 -1.3 -0.4 1724 -0.2 0. 1544 -0,9 -0.3 1619 0.3
2335 47 1.4 2248 5,0 1.5 2399 5.0
6 0327 3, 1 21 0007 5,1 1.6 6 0004 5,1 1 21 0025 5,0 1.5 6 0345 1.7 0.5 21 0439 1.1 o,
F 0935 6. 2 Sa 0430 3.0 0.9 M 0445 2.3 0 Tu 0536 1.8 0.5 M 1000 6.2 1.9 Tu 1056 4.9 1.
1637 -1, 0 1031 6,5 2.0 1055 6.6 2 1140 5.3 1.6 1623 -0.9 0.3 1648 0.6 0.
1723 -0.8 -0.2 1733 -1.2 -0 - 1753 0,2 0.1 2318 5.3 1.6 2329 5,0 1,
7 0011 4.8 1.5 2 0043 5,1 1,6 7 0037 5,3 1.6 22 0047 5,0 1, 7 0434 1,1 0,3 22 0514 0.8 O,
Sa 0413 3.4 1,0 u 0513 2,9 0.9 Tu 0533 1.9 0.6 W 0611 1.6 0. Tu 1052 6.1 1.9 W 1138 4.7 1.
1017 6.8 2.1 1113 6.2 1.9 1146 6.3 1.9 1218 5,0 1. 1702 0.6 0.2 1716 0.9 0,
1718 -1.3 -0.4 1755 0.6 -0,2 1809 -0.9 -0.3 1821 0.6 0. 2350 5.6 1.7 2350 5.1 1,
8 0046 4.9 1.5 23 0115 5.0 1,5 8 01 5.5 1,7 23 0108 5.1 1,6 8 0521 0.5 0,2 23 0546 0.6 0.2
Su 0455 3,2 1.0 M 0555 2,7 0.8 W 062 1.4 0.4 Th 0647 1.4 0.4 W 1148 5,8 1.8 Th 1217 4,5 1.4
1103 6.8 2.1 1148 5,9 1.8 1239 5.9 1.8 1257 4.6 1.4 1738 0.1 0.0 1741 1.4 0.4
1757 1.4 0.4 1827 -0.4 -0,1 18 0.3 0.1 — 1844 1.1 0.3
9 0121 5,1 1.6 24 0142 5,0 1.5 9 0145 5.8 1,8 24 0132 5.2 1.6 9 0023 5.9 1.8 0011 5.2
M 0545 3,0 0.9 Tu 0637 2.6 0.8 Th 0720 1.1 0.3 F 0726 1.3 0.4 Th 0610 0.0 0.0 0618 0.4
1150 6.6 2.0 1227 5.4 1.6 1336 5.3 1.6 1342 4.2 1,3 1243 5,4 1.6 1300 4.3
1836 -1.2 0.4 1859 0.0 0.0 1929 0.4 0.1 1914 1.7 0.5 1818 0.6 0.2 1806 1.9
10 0157 5.2 1.6 25 0210 5.0 1. 10 0221 6.0 1.8 25 0155 5,3 1.6 10 0057 6 9 25 0033 5.3
Tu 0637 2.7 0.8 W 0720 2.4 o0, F 0820 0.8 0.2 Sa 0811 1,2 0.4 F 0703 0 1 Sa 0657 0.3
1240 6.2 1.9 ~1306 5.0 . 1443 4,6 1.4 1433 3,9 1.2 1345 4 5 1349 4,1
1916 0.9 0.3 1928 0.5 O, 2009 1,2 0.4 1939 2.2 0.7 1857 1 4 1835 2.4
11 0235 5.4 1, 0233 5.0 1,5 11 0301 6.2 1.9 26 0226 5.3 6 0136 6.2 1.9 26 0102 5,4 1
W 0736 2.4 o0. 0805 2.3 0.7 Sa 0929 0.6 0.2 Su 0903 1.2 4 0758 -0,3 0.1 Su 0736 0.3 0
1336 5.6 1. 1349 4.5 1,4 1604 4,1 1.2 1545 3,6 1 1454 4,5 1.4 1445 3,9 1
1958 -0.3 -0. 1957 1.0 0.3 2100 2,1 0.6 2011 2.8 9 1943 2.1 0.6 1903 2.8 0
12 0311 5.6 1.7 27 0302 5.1 1.6 12 0350 6.2 1.9 27 0304 5.4 1,6 12 0217 6.2 1.9 7 0134 5.4 1,
Th 0841 2.0 0.6 F 0857 2.1 0.6 Su 1041 0.5 0.2 M 1002 1.1 0.3 Su 0900 0.2 0.1 M 0824 0.4 oO.
1438 4.9 1.5 1442 4.0 1,2 1745 3.9 1,2 1736 3.5 1,1 1616 4.2 1.3 1554 3.8 1,
2040 0.4 0.1 2028 1.7 0.5 2159 2.8 0.9 2053 3,3 1.0 2039 2.7 0.8 1990 3.2 1.
13 0352 5.9 1.8 28 0330 5.3 1.6 13 0444 6.3 1.9 28 0354 5,4 1,6 13 0312 6.1 1.9 28 0216 5.3
F 0954 1.6 0.5 Sa 1000 1.9 0.6 M 1201 0.3 0.1 Tu 1112 0.9 0.3 M 1013 0.0 0.0 Tu 0920 0.4
1554 4.3 1,3 1549 3.6 1,1 1930 4.1 1.2 1943 3.7 1.1 1749 4,1 1,2 1731 3.8
2130 1.2 0.4 2100 2.3 0.7 2319 3.2 1.0 2212 3.6 1.1 2154 3.2 1.0 2033 3.5
14 0436 6.1 1.9 29 0407 5.4 1,6 14 0551 6.2 9 14 0413 5, 8 9 0310 5.3 1.
Sa 1111 1.1 0.3 Su 1105 1.6 0,5 Tu 1312 0.1 0 Tu 1129 0. 1 W 1026 0.4 O.
1732 3.9 1.2 1740 3,4 1.0 2047 4.4 3 1919 4, 3 1856 3.9 1.
2225 2.0 0.6 2142 2.9 0.9 2323 3, 0 2211 3.6 1.
1§ 0525 6.4 2.0 0 0449 5.6 1,7 15 0041 3 1.0 15 0523 5.7 1.7 30 0415 5.2 1.
Su 1223 0,6 0.2 M 1211 1.2 0.4 W 0653 6 1.9 W 1242 0.2 0.1 Th 1135 0.2 0.
1919 3.9 1.2 1957 3.5 1.1 1416 0 C.0 2020 4.5 1.4 1949 4.1 1.
2327 2.7 0.8 2248 3.4 1,0 2139 4 1.4 2349 3,4 1.
31 0544 5.7 7 0528 5.2 1.6
Tu 1310 0.8 2 1241 0.1 0.0
2117 3.9 2 2023 4.4 1.3

_} Time meridian 120° W, 0000 is midntght. 1200 1s noon.
- Helghts are referred to mean lower low water which is the chart datum of soundings
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SAN FRANCISCO {Golden Gate), CALIFORNIA, 1989 73

Times and Hefights of High and Low Waters

APRIL MAY JUNE
Time Height Time Height Time Height Time Height Time Height Time Height
Day Day Day Day Day Day
h m ft m hm ft m hm ft m hm ft hm m hm ft m
0058 2.9 0.9 16 0227 1. 0.5 1 0142 1.3 0. 16 0244 0,7 0.2 1 0307 1 0. 16 0332 -0,3
Sa 0644 5.2 1,6 Su 0821 4, 1.4 M 0741 4.5 1, Tu 0908 3.8 1,2 Th 1014 4 1. F 1103 4,1
1335 0.3 0.1 1429 0. 0.2 1335 0.2 0. 1412 1.6 0.5 1436 2 0 1452 3,1
2055 4.6 1.4 2124 5, 1.5 2031 5.4 1. 2047 5,3 1.6 2106 6 2. 2103 6,0
2 0154 2.2 0.7 7 0308 1.1 0.3 2 0231 0.4 0.1 7 0323 0.2 0.1 2 0356 1 0.5 17 0408 -0.6 -0
Su 0753 5.3 1,6 M 0916 4.4 1.3 Tu 0852 4.6 1.4 W 1007 3.9 1.2 F 1113 4 1.4 Sa 1145 4,3
1421 -0.4 -0.1 1505 0.8 0.2 1422 0.6 0,2 1451 2,0 0.6 1529 2 0.8 1533 3,3 1
2125 4,9 1.5 2150 5.0 1.5 2106 5.8 1.8 2115 5.5 1.7 2150 6 2.1 2141 6,1 1
3 0245 1.4 0.4 18 0345 0. 0.2 3 0319 0.4 -0.1 0355 -0 2 -0.1 3 0444 1,7 5 18 0443 -0.9 0
M 0856 5.4 1,6 Tu 1007 4, 1.3 W 0959 4,7 1.4 T 1059 40 1,2 Sa 1212 4.7 4 Su 1227 4.4 1
1505 -0.3 0.1 1537 1. 0.3 1511 1.1 0.3 1526 2 4 0.7 1621 2.8 9 1615 3.4 1
2156 5.3 1.6 2211 5. 1.6 2142 6.2 1.9 2143 5 6 1.7 2235 6.8 1 2220 6.2 1
4 0331 0.5 0.2 19 0419 0,3 0.1 4 0407 1.1 0.3 19 0430 -0.5 0.2 4 0530 -1.7 5 9 0521 1 -0
Tu 0956 5.4 1.6 W 1054 4,3 1.3 Th 1104 4,7 1.4 F 1146 4,1 1,2 Su 1304 4.8 5 M 1302 5 1
1545 0.0 0.0 1608 1.4 0.4 1553 1.6 0.5 1603 2.7 0.8 1712 3.0 9 1655 4 1
2228 5.7 1.7 2233 5.3 1.6 2220 6.5 2.0 2213 5.7 1.7 2321 6.6 0 2300 2 1
5 0420 -0.2 0.1 20 0451 0.0 0,0 5 0454 -1,6 -0.5 20 0502 -0.7 0.2 5 0617 -1.6 0.5 20 0559 -1.2 -0
W 1054 5,3 1,6 Th 1139 4.3 1.3 F 1203 4.8 1,5 Sa 1231 4,2 1.3 M 1353 4.8 1.5 Tu 1341 4.6 1
1625 0.4 0.1 1637 1,9 0.6 1639 2.1 0.6 1637 3.0 0.9 1807 3.1 0.9 1738 3.4 1
2302 6.0 1.8 2254 5.4 1.6 2300 6.6 2.0 2245 5.8 1.8 2341 6.1 1
6 0506 -0.8 O, 21 0523 0 3 -0.1 6 0542 1,7 0.5 21 0537 -0.8 0,2 6 0009 6.3 9 21 0638 -1.2
Th 1154 5,2 1, F 1224 4 2 1.3 a 1302 4.8 1.5 Su 1317 4,3 1,3 Tu 0703 -1.3 - 4 W 1419 4.7
1707 1.0 O, 1706 2 3 0.7 1727 2.5 0.8 1712 3.2 1.0 1445 4,8 5 1826 3.2
2338 6.3 1. 2321 55 1.7 2343 6.5 2.0 2317 5.8 1.8 1903 3.1 9
7 0555 1.1 0,3 22 0556 -0.4 O, 7 0631 1.6 0.5 22 0615 -0 9 -0,3 7 0055 5.9 1.8 22 0026 5.9 1
F 1254 4.9 1.5 Sa 1310 4.2 1. Su 1401 4.7 1.4 M 1403 4 3 1.3 W 0749 -0.,9 0.3 Th 0719 -1.1 O
1749 1.6 0.5 1737 2.7 Q. 1819 2.9 0.9 1761 34 1.0 1533 4.8 1.5 1455 4.8 1
2348 5.5 1, 2356 58 1.8 2008 3.1 0,9 1924 3,1 O
8 0014 6.4 2,0 23 0631 0.4 -0 8 0028 6.3 1.9 23 0655 -0.9 0.3 8 0147 5 1.6 3 115 56 1.
Sa 0646 -1.2 -0.4 Su 1401 4.1 1 M 0723 1.3 0.4 Tu 1448 4.4 1.3 Th 0837 -0 0.2 F 80 08 0,
1355 4.7 1.4 1809 3.0 O 1502 4,7 1.4 1836 3.5 1.1 1616 4 1.5 53 5 1.
1835 2,2 0.7 1916 3,1 0.9 2117 2 0.9 03 2 8 0.
9 0057 6.3 1, 4 0020 5.5 1. 0118 6.0 1.8 24 0038 5,7 1.7 9 0239 4.8 1.5 24 0211 5.1 1
Su 0739 1.0 O. M 0713 -0.4 -0. 0816 0,9 0.3 W 0740 -0.9 0,3 F 0923 0.0 0.0 Sa 0846 -0.4 -0
1504 4,5 1, 1454 4.1 1, 1603 4.6 1.4 1536 4,4 1,3 1658 4.8 1.5 1612 5.2 1
1927 2.8 0. 1845 3.3 1, 2024 3.2 1.0 1930 3.5 1.1 2229 2.6 0.8 2140 2.3 O
10 0145 6.1 1.9 25 0100 5,5 10 0209 5.5 1.7 25 0123 5.5 1, 10 0338 4 2 1.3 25 0319 4 5 1.
M 0838 -0.7 0.2 Tu 0759 0.3 W 0912 0.5 0.2 Th 0827 -0.7 O. Sa 1009 0 5 0.2 Su 0932 02 0.
1618 4,4 1.3 1559 4,0 1704 4,6 1.4 1621 4.5 1. 1739 4 9 1.5 1653 5 5 1.
2033 3.1 0.9 1933 3.5 2144 3.2 1.0 2038 3.3 1. 2339 2 2 0.7 2253 17 G0,
11 0239 5.8 1.8 26 0142 5,3 1.6 11 0312 5.0 1.5 26 0219 5.1 1, 11 0447 37 1,1 26 0439 4,0 1,
Tu 0944 0,3 -0.1 W 0851 -0.3 0.1 Th 1012 0,1 0.0 F 0919 -0.5 O, Su 1056 1 0 0,3 M 1024 0.9 0.
1736 4.4 1.3 1702 4.1 1,2 1757 4,7 1.4 1705 4.7 1, 1813 51 1,6 1735 5.9 1.
2154 3.3 1.0 2040 3.6 1,1 2305 2.9 0.9 2201 3.0 0.
12 0344 5.4 1,6 27 0241 5.2 1.6 12 0417 4.5 1.4 27 0328 4,7 1, 2 0037 17 0.5 27 0005 1.0 0.
W 1053 0.0 0.0 Th 0950 0.2 0.1 F 1108 0.2 0.1 Sa 1011 -0.2 O, M 0617 3 4 1.0 Tu 0617 3.7 1.
1845 4,5 1,4 1801 4.2 1.3 1843 4.8 1.5 1747 4,9 1. 1145 1 5 0.5 1119 1.6 O,
2321 3.1 0.9 2212 3.4 1.0 2318 2.4 0. 1846 5 2 1.6 1817 6.2 1.
13 0453 5,0 1.5 28 0347 4,9 1.5 13 0018 2.4 0.7 28 0444 4, 1.3 13 0130 1.1 0.3 28 0107 0.2
Th 1200 0.2 0.1 F 1053 0.2 -0,1 Sa 0533 4,1 1,2 Su 1106 0. 0.1 Tu 0746 3.4 1,0 W 0756 3.8
1939 4.6 1.4 1843 4.4 1.3 1202 0.6 0.2 1826 5, 1.6 1231 2.0 0.6 1218 2.2
2334 3,0 0.9 1923 4.9 1.5 1918 5.4 1,6 1904 6.5
14 0039 2.7 0.8 9 0503 4.7 1.4 14 0115 1.8 0,5 9 0024 1.5 14 0212 0.6 0.2 29 0206 0.4 0.1
F 0612 4.8 1,5 Sa 1153 -0.1 0.0 Su 0650 3.9 1,2 M 0613 4,0 W 0908 3,6 1.1 Th 0916 4.1 1,2
1258 0.3 0,1 1924 4.7 1.4 1248 0.9 0.3 1159 0.7 1319 2.5 0.8 1321 2.7 0.8
2021 4.8 1.5 1956 5.0 1,5 1904 5.6 1951 5,6 1.7 1954 6.7 2.0
15 0139 2.2 0.7 30 0043 2.2 0.7 15 0202 2 0. 30 0122 0.6 0.2 15 0254 0.1 0,0 30 0259 -0.9 -0,
Sa 0719 4.6 1.4 Su 0622 4.6 1.4 M 0805 8 . Tu 0741 3.9 1,2 Th 1010 3.8 1.2 F 1022 4.4 1.
1349 0.4 0.1 1246 0.0 0.0 1333 2 0. 1254 1,2 0.4 1408 2.8 0.9 1420 3,0 O,
2055 4.9 1.5 1957 5.0 1.5 2024 2 1. 1943 6,0 1.8 2024 5.8 1.8 2042 6.9 2,
31 0218 -0.2 -0.1
W 0903 4,1 1,2
1346 1.7 0.5
2024 6.4 2.0

Time meridian 120° W, 0000 is midnight. 1200 1s noon.
Helghts are referred to mean lower low water which is the chart datum of soundings.
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Day

1
Su

=

mn

E 471

10
Tu

14
Sa

15
Su

Time meridian 120°

Time

hm

0011
05625
1151
1805

0055
0553
1212
1837

0143
0618
1238
1916

0239
0650
1310
2005

031
07 6
13 5
20 7

0518
0821
1447
2202

0637
1005
1553
2311

0726
1139
1705

0014
0758
1245
1819

0107
0829
1339
1927

0153
0857
1425
2029

0235
0929
1511
2132

0317
0958
1567
2231

0357
1030
1642
2330

0437
1106
1728

O0CTOBER
Height
Day
ft m
4,7 1.4 16
1.8 0.5 M
5.5 1.7
0.4 0.1
4.5 1.
2.3 0.
5.5 1.
0.4 0.
4.3 1.3 18
2.8 0.9 W
5.6 1.7
0.5 0,2
4 1,3 19
3 1.0 Th
5 1.7
0 0,2
4,1 1.2 20
3.6 1.1 F
5.5 1.7
0.7 0,2
4.1 1.2 21
3.9 1.2 Sa
5.3 1.6
0.7 0.2
4,2 3 22
3.9 2 Su
5,2 6
0.6 2
4.4 1.3 23
3.7 1.1 M
5.2 1.6
0.4 0. 24
4.7 1. Tu
3.2 1.
5.2 1,
0.2 0.1 25
4.9 1.5 W
2.5 0.8
5.3 1.6
01 0.0 26
52 1.6 Th
17 0.5
53 1.6
0.2 0.1 2
5.6 1,7
0.8 0.2
5.4 1.6
0.5 0.2 28
5.9 1.8 Sa
0.0 0.0
5.4 1.6
09 0.3 29
63 1.9 Su
06 -0.2
53 1,6
5 0.5 30
6 2.0 M
0 -0.3
il
Tu
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SAN FRANCISCO (Golden Gate), CALIFORNIA, 1989

Times and Helights of High and Low Waters
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1200 is noon,

hm

0152
0553
1159
1854

0246
0628
1235
1936

0343
0710
1316
2027

0442
0817
1411
2122

05 7
09 8
15 7
22 2

0619
1115
1629
2319

0655
1226
17582

0015
0730
1319
1911

0104
0802
1411
2027

0152
08136
1456
2137

0241
0913
1542
2241

0326
0950
1630
2340

0412
1031
1716

0039
0457
1115
1805

0137
0550
1202
18587

NOVEMBER

Height
Day

ft m
4.4 1.3 16
3.4 1,0 Th
5.8 1.8
0.1 0.0
4,4 3 7
3.7 1 F
5.7 7
0.0 0
4.4 1.3 18
3.9 1.2 Sa
5.6 1.7
0.1 0.0
4.4 1.3 19
3.9 1.2 Su
5.3 1.6
0.2 0.1
4,5 1.4 20
3.8 1.2 M
5.1 1.6
0.2 0.1
4,7 1.4 21
3.4 1.0 Tu
4.8 1.5
0,3 0.1
5.0 1.5 2
2.7 0.8 W
4,6 1.4
0.5 0.2 23
5.3 1.6 Th
1.8 0.5
4.6 1.4
0.7 0. 2
5.7 1.
0.9 0,
4.6 1.
1,1 0.3 25
6.2 1.9 Sa
0.1 0.0
4,8 1,5
1.6 0.5 26
6.6 2.0 Su
0.8 -0.2
4,9 1.5
2.0 0.6 27
6.9 2.1 M
1.4 -0.4
5.0 1.5
2.5 0.8 28
7.1 2.2 Tu
1.6 -0,5
5.1 1.6 29
2.9 0.9 W
7.1 2.2
1.6 0.5
5.1 16 30
3.2 10 Th
6.9 21
1.3 -0 4

Time

h'm

0234
0645
1251
1949

0 33
0 50
147
2 46

0432
0909
1445
2141

0526
1034
1554
2241

0613
1151
1710
2337

0655
1257
1833

0025
0733
1348
1951

0110
0805
1431
2100

0152
0832
1513
2201

0234
0859
1545
2251

0313
0927
1617
2340

0348
0956
1652

0025
0427
1029
1724

0108
0502
1101
1801

0150
0538
1139
1838
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Time
Day
hm

0232
0619
1218
1917

o

2 0314
Sa 0707
1300
2002

3 0356
Su 0809
1349
2048

0435
0924
1451
2137

£

5 0517
Tu 1048
1607
2230

0555
1154
1734
2325

=

7 0633
Th 1258
1910

0017
0712
1351
2036

mo®

9 0113
Sa 0754
1444
2150

10 0209
Su 0837
1533
2251

11 0301
M 0923
1621
2345

12 0356
Tu 1009
1707

13 0039
W 0446
1058
1756

14 0126
Th 0539
1146
1842

0214
0636
1236
1926

Heights are referred to mean lower low water which is the chart datum of soundings,

DECEMBER
Height
Day
ft
4.6 1 4 16
3,7 11 Sa
5.9 18
0.5 -0 2
4,7 1.4
3.7 1.1
5.7 1.7
0.4 0.1
4 7 1.4 18
36 1.1 M
53 1.6
02 -0.1
4.9 5 19
3.4 0 Tu
4,9 5
0.1 0
5.1 1.6 0
2.8 0.9 W
4.4 1.3
0.6 0.2
5.5 1.7 21
2.1 0.6 Th
4,1 1.2
1.1 0.3
5.9 1.8 22
1.2 0.4 F
4,0 1.2
l. 0.5
6. 1,9
0, 0.1
4, 1.3
2.1 0.6 24
6.7 2.0 Su
0.5 0.2
4,5 1.4
2.6 0.8 25
7.0 2.1 M
1.2 0.4
4,8 1.5
2.9 0.9 26
7.2 2.2 Tu
1.5 -0.5
5.0 1.5
3.1 9 27
7.3 2 )
1.7 0.5
5.1 1.6 28
3.2 1.0 Th
7.2 2.2
1.6 0.5
5.2 1.6 29
3.3 1.0 F
6.9 2.1
1.3 -0.4
5.2 1.6 30
3.2 1.0 Sa
6.5 2.0
0,9 -0.3
31
Su

Time
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NO

439
441
443

445
447
449
451
453
455

457
459
461
463
465
467
469
471

473
475
477
479
481

483
484
485
487
489
491

493
495
497
499
501
503
505
507
509

511
513
515
517
519
521
523
525
527
529
531
533
535
837
539
541
543
545
547
549
551
553
555
557
559
561
563
565

TABLE 2. — TIDAL DIFFERENCES AND OTHER CONSTANTS

PLACE

CALIFORNIA
San Pedro Channel
Time meridian, 120°W

Los Angeles Harbor, Mormon Island.......
E1 Segundo, Santa Monica Bay....ec.eooesos
Santa Monica, Municipal Pler.iicececnacs

Santa Barbara Channel

Mugu Lagoon (ocean pier)...
Port H

Ventura..eieeoineennnnes
Rincon Island, Mussel Shoals..
Santa Barbara......
Gaviota...

srsre e
erevasnse

Santa Barbara Islands

Wilson Cove, San Clemente Island...,....
Catalina Harbor, Santa Catalina Island..
Avalon, Santa Catalina Island...
Santa Barbara Island

San Nicolas Island.veevseneasocansanans
Prisoners Harbor Santa Cruz Island
Bechers Bay, San Rosa Island.....
Cuyler Harbor, S Miguel Island.,.......

sssseeve

Outer Coast

Point Arguello......

Port San Luls Wharf....ieeeirensesencnnes
Morro Beach, Estero Bay. .o
San Simeon........
Carmel

Cove, Carmel BaYiieonoss

Monterey, Monterey Bay
General Fish Company Pler.,..
Moss Landing, Ocean Pler
Elkhorn Yacht Club,....
Elkhorn Slough, Highway 1 8ridge..
Pacific Mariculture Dock.....

Elkhorn, Elkhorn Slough..,
Kirby Park, Elkhorn Slough
Elkhorn Slough ratlroad bridge....eveva.
Santa Cruz, Monterey Bay..eoesss .
Ano Nuevo Island.....euse .
Princeton, Halfmoon Bay.. .
Southeast Farallon Island..eeeesaancnces
San Francisco Bar,,.vesescceaas
Ocean Beach, outer co0aSt......

San Francisco Bay

Point Bonita, Bonita Cove..

SAN FRANCISCO (Golden Gate)

Alcatraz Island..iieeeceaens

San Francisco, North Point, Pier 41.,...
Rincon Polint, Pler 22 1/2...ceeeenseacess
Yerba Buena Island...eesecosasoscasccnee
Oakland, Matson Wharf.,..ceeesevsesncnas
Oakland Pier

Oakland Inner Harbor..oeeeeoosonenossns
Alameda...io0us

Qakland Harbor, Grove Street.....ecesnss
Oakland Harbor, Park Street Bridge..,.,.
Bay Farm Island, San Leandro Bay.,....s..
Oakland Afirport

Potrero Polnt...vsueesossaesccasansonans
Hunters Polnt....ivivennnonenn
San Leandro Channel....cveenenncss
Roberts Landing, 1.3 miles west of
South San FranciscO.cuivsescesnsses
Oyster Point Marina....cceeeeocees
Point San Bruno0..eeeesesas
Seaplane Harbor...eeeseoces

Coyote Point Marina.......

San Mateo Bridge (west end

San Mateo Bridge (east end

Alameda Creek...

Coyote Hills Slough entrance....o...
Bay Slough, west end.....

Endnotes can be found at the end of table 2,

L

POSITION

at. Long.

45 118
55 118
00 118

—
(=4}

i

O W W W0

~
0
OO WWWwWoD DD

35 120
10 120
24 120
38 121
31 121
36 121
48 121
48 121
49 121
49 121
49 121
49 121
50 121
51 121
58 122
06 122
30 122
42 123
46 122
46 122
49 122
48 122
50 122
49 122
47 122
49 122
49 122
48 122
48 122
46 122
48 122
46 122
45 122
44 122
46 122
44 122
42 122
40 122
40 122
40 122
39 122
8 122
36 122
35 122
36 122
36 122
34 122
33 122

oo

DIFFERENCES
Time Height
High Low High Low
water water water water
he m. he m ft ft
on LOS ANGELES, p.68
+0 04 +0 02 -0.1 0.0
+0 13 +0 13 *0.96 *0.96
+0 03 +0 06 -0.1 0.0
+0 03 0 *0,96 0.96
+0 10 0 3 -0.1 0.0
+0 09 0 6 -0.1 0.0
+0 21 0 2 *0.99 1,04
+0 26 0 6 *0.97 0.97
+0 39 0 *0.96 *0,96
-0 03 -0 03 94 *0,94
+0 11 +0 17 94 0,94
+0 06 +0 09 96 *0,96
-0 02 +0 04 92 *0,92
+0 10 +0 21 88 *0,88
+0 25 +0 26 90 *0.90
+0 37 +0 35 96 *0,96
+0 33 +0 34 94 *0,94
+0 45 +0 43 *0 94 *0.94
+0 48 +0 51 *0 98 *0.98
+0 56 +0 56 *0 94 *0.94
+0 56 +0 658 *0 97 *0.97
+1 12 +1 13 *0 96 *0,96
op SAN FRANCISCO, p.72
1 08 -0 47 0.5 0
1 08 -0 46 0.6 0
110 -0 48 0.7 0
109 -0 45 0.6 0
1 06 -0 49 0.7 0
0 54 -0 40 0,5 0
0 48 -0 42 -0.6 0,0
0 43 -0 39 -0.4 -0.1
0 36 -0 39 -0.4 -0.1
115 -0 58 -0.6 0.0
1 24 -1 04 -0.7 -0,1
1 06 -0 50 -0.3 0.0
0 39 -0 19 -0,3 0.0
0 35 -0 31 -0,2 0.0
0 49 -0 35 +0.1 0.0
-0 17 -0 10 +0.3 0.0
Daily predictions
+0 14 +0 1 00 0.0
+0 13 +0 11 +0 2 0.0
+0 23 +0 25 +0 4 0.0
+0 32 +0 40 +0 3 0.0
+0 28 +0 36 +0 3 0.0
+0 33 +0 48 +0 2 0,0
+0 37 +0 41 +0 5 0,0
+0 32 +0 41 +0 6 0.0
+0 33 +0 42 +0 4 0.0
+0 38 +0 44 +0 6 0.0
+0 49 +0 59 +0 8 0.0
+0 47 +0 52 +0 8 0,0
+0 33 +0 46 +0 5 0,0
+0 25 +0 39 +0 9 0.0
+1 01 +1 29 +1 4 0.0
+0 52 +1 28 +1 4 +0,1
+0 38 +0 56 +1 2 0.0
+0 48 +1 07 +1 1 0.0
+0 38 +1 10 +1 1 +0,1
+0 42 +1 03 +1 4 0.0
+0 42 +1 08 +1 5 0.0
+0 52 +1 20 +1 8 +0.1
+0 48 +1 19 +1 8 0,0
+1 03 +2 31 +0 3 -0.8
+1 02 +2 28 +0 9 -0.6
+0 48 +1 28 +1 8 0.0

PLLWLWWWWW

[REARRYRYR)

(LS S R N R R N N e R I W Y A -

RANGES

Mean Ciurnal

ft ft
.8 5.4
.7 5.3
7 5.4
7 5.3
o7 5.4
.7 5.4
.7 5.5
.6 5.4
.6 5.3
6 5.2
6 5.2
7 5.3
5 5.1
3 4.9
4 5.0
6 5.3
5 5.2
.5 5.2
6 5.4
5 5.2
.6 5.3
.5 5.2
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172 TABLE 2. — TIDAL DIFFERENCES AND OTHER CONSTANTS

POSITION DIFFERENCES RANGES
Time Height Mean
NO PLACE Lat. Long Mean Diurnal Tide
Hig Low High Low Level
water water water water
he m. heom ft ft ft ft ft
W
San Francisco Bay-Continyed on SAN FRANCISCO, p.72
Time meridian, 120°y
567 Bay Slough, east end..,., 37 33 122 13 +0 49 + 52 +1.4 -0.3 5.8 7.3 3.8
569 Redwood Creek Marker #8.. 37 32 122 12 +0 53 + 28 +2,1 +0.1 6.2 8.0 4.3
571 Redwood Creek entrance 37 31 122 12 +1 06 + 38 +2.1 +0.1 6.1 7.9 4.2
573 South Bay Wreck 37 33 122 10 +1 02 + 37 +2.2 +0.1 6.2 8.0 4.3
575 Corkscrew Slough.., 37 30 122 13 +1 03 + 42 +2.2 +0.1 6.2 8.0 4.3
577 Redwood City, Wharf 5... 37 30 122 13 +0 58 + 32 +2.2 +0.1 6.2 8.0 4.3
579 West Point Slough.. 37 30 12 12 +1 03 + 36 +2.2 +0.1 6.2 8.0 4.3
581 Smith Slough. 37 30 12 14 +1 15 + 58 +2.1 0.0 6.2 7.9 4.2
583 Newark Sio 37 31 12 os +1 11 + 58 +2.6 +0.1 6.6 8.4 4.2
585 Dumbarton H 37 30 12 o7 +1 00 + 38 +2.6 +0.1 6.6 8.4 4,5
587 Ravenswood S 37 30 12 10 +1 05 - - - - - - - - - - - -
589 Granite Rock. 37 30 12 13 +1 03 +1 38 +2.2 +0.1 6.2 8.0 4.3
591 Palo Alto Marker #8 <18> 37 28 12 06 +1 07 - - - - - - - - - - - -
593 Palo Alto Yacht Harbor,. 37 27 12 o6 +1 09 +2 09 +2.5 0.0 6.6 8.3 4.4
595 Mowry Slough, 37 30 12 o2 +1 12 +2 07 +2.,6 0.0 6.7 8.4 4.4
597 Calaveras Poi 37 28 12 04 +1 0§ +1 49 +2.8 +0.1 6.8 8.5 4.6
599 Mud Slough railroad brig 37 28 12 59 +1 19 +2 59 +1.7 -0.6 6.4 7.5 3.7
601 Guadalupe Slough,., 37 .27 12 02 +1 14 +2 15 +2.7 0.0 6.8 8.5 4.5
603 Upper Guadalupe Slough., 37 26 12 00 +1 23 +2 21 +3.4 +0.2 7.3 9.2 5.0
605 Coyote Creek Alviso Slough. 37 .28 12 01 +1 13 +2 08 +3.1 +0.2 7.0 8.9 4.8
607 Gold Street Bridge, Alviso § 37 25 12 58 +1 15 +2 34 +3.4 +0.1 7.4 9.2 4.9
609 Coyote Creek Tributary #1 37 27 12 s8 +1 21 +2 45 +2.6 -0.3 7.0 8.4 4.3
611 Coyote Creek, Tributary #2 <18>. 37 28 12 87 +1 27 - - - - - - - - - -
613 Coyote Creek, Tribut 37 28 121 57 +1 23 - - - - - - - - - - - - -
615 Sausalito...... 37 51 122 29 +0 10 +0 14 -0.3 0.0 3.8 5.6 3.0
617 Sausalito, Corps of Engineers 37 52 122 30 +0 11 +0 21 -0.2 0.0 3.9 5.6 3.1
619 Angel Island west side) 37 52 122 27 +0 13 +0 21 -0.2 0.0 3.9 5.6 3.0
621 Angel Island, East Garrij 37 52 122 25 +0 186 +0 20 +0.1 0.0 4,2 5.9 3.2
623 Point Chaunce 37 54 122 27 +0 28 +0 32 -0.2 0.0 3.9 5.6 3.0
625 Berkeley.... 37 52 122 18 +0 21 +0 38 +0.1 0.0 4.2 5.9 3.2
627 Point Isabel 37 54 122 1y +0 23 +0 33 +0.1 0.0 4.2 5.9 3.2
629 Richmond Inner Harbor. 37 55 122 22 +0 25 +0 36 0.0 0.0 4,2 5.4 3.2
631 Cheveron 0ft 37 56 122 24 +0 29 +0 36 0.0 0.0 4.2 5.9 3.2
633 Point Orient 37 58 122 26 +0 47 +0 52 0.0 0.0 4.1 5.8 3.2
635 Corte Madera 37 57 122 31 +0 37 +0 52 -0.1 0.0 4.0 5,7 3.1
637 Point San Quentin 37 57 122 28 +0 39 +0 50 -0.2 -0.1 4.0 5.7 3.1
San Pablo Bay
639 Point San Pedro 37 59 122 27 +0 59 +1 01 +0.1 0.0 4 3 5.9 3.2
641 Pinole Point,. 38 01 122 22 +1 13 +1 25 +0.1 -0.1 4 3 5.9 3.2
643 Hercules 38 01 122 18 +1 25 +1 49 -0.1 -0.2 42 5.7 3.0
645 Petaluma 38 22 +2 11 +0.1 -0,1 4 4 5.9 3.2
647 Lakevil] +2 50 +0.5 -0.2 4 8 6.2 3.3
649  Upper dr 38 14 122 37 +2 10 +3 10 +0.7 -0.2 50 6.4 3.4
651 Gallinas 38 01 122 30 +1 11 +1 30 +0,1 -0.1 4 3 5.9 3.1
653 Hog Isla 38 09 122 33 +1 47 +2 36 +0.3 -0.2 4 7 6.1 3.2
655 Sonoma C 38 09 122 24 +1 31 +2 34 -0.2 -0.3 42 5.6 3.0
657 Wingo, s 38 13 122 26 +2 12 +3 11 +0.1 -0.3 45 5.9 3.1
Carquinez Strait
659 LI 38 04 122 15 +1 36 +2 00 -0.3 -0.2 4,0 .5 2.9
661 | P 38 06 122 16 +1 47 +2 14 -0.1 -0.2 4.2 W7 3.0
663 Napa River.,, 38 12 122 19 +2 02 +2 29 +0.3 -0.3 4.7 .1 3.2
665 » Napa River.,.. 38 12 122 18 +2 02 +2 29 +0.7 -0.2 5.0 .5 2.5
667 et et entianaas, 38 18 122 17 +2 16 +2 52 +1.8 0.0 5.5 .1 3.8
669 ettt e ca e 38 03 122 15 +1 29 +2 04 +0.6 0.0 4.7 .3 3.4
671 et ettt eenana, 38 04 122 13 +1 39 +2 03 -0.2 -0.2 4.0 .5 3.0
673 e et taaeaaa. 38 03 122 o8 +2 11 +2 34 -0.6 -0.3 3.8 .1 2.7
675 38 02 122 o7 +2 08 +2 36 -0.7 -0.3 3.7 W0 2.6
Suisun Bay
677 38 08 12 o4 +2 45 +3 32 -1.1 -0.4 3.4 4.6
679 38 08 12 06 +3 04 +3 46 -1.1 -U.4 3.4 4.5
681 38 11 12 03 +3 00 +3 49 -0.8 -0.4 3.7 4.8
683 38 14 12 02 +3 12 +4 08 -0.7 -0.4 3.8 5.0 6
685 38 03 12 902 +2 31 +3 08 -0.9 -0.4 3.6 4.9 6
687 38 11 12 59 +3 09 +3 52 -0.9 -0.4 3.6 4.8
689 38 11 12 55 +3 30 +4 12 -0.6 -0.4 3.9 5.2
691 38 08 54 +3 29 +4 16 -1.0 -0.9 3.6 4.7
693 38 05 12 53 +3 47 +4 33 -1.5 -0.5 3.1 4.2
695 38 06 122 ot +2 40 +3 24 -0.3 -0.3 4,1 5.5 8
697 38 03 121 55 +3 26 +4 03 -1.7 -0.5 2.9 4.0 0
699 38 02 121 53 +3 30 +4 13 -1.7 -0.5 2.9 4.0 0
San Joaquin River
701 Ant1och....................... 38 01 121 49 +4 05 +4 45 *0 62 *0.52 7 9
703 Threemile Slough entrance...,. 38 05 121 41 +4 54 +5 54 *0 60 *0.45 6 6 8

Endnotes can be found at the end of table 2,



TABLE 2, — TIDAL DIFFERENCES AND OTHER CONSTANTS 173

POSITION DIFFERENCES RANGES

Time Height Mean
NO PLACE Lat. Long. Mean Diurnal Tide
High Low High Low Level

water water water water
he m, h. m, ft ft ft ft ft

W
San Joaquin River-Continued on SAN FRANCISCO, p.72
Time meridian, 120°W
705 Prisoners Point...covsnsceaaans 38 04 33 +5 53 +6 45 *0.60 *0,45 2 5 8
707 Wards [sland.....ss 38 03 30 +6 16 +6 57 *0.58 *0.36 2 4 7
709 Blackslough Landing 38 00 25 +6 32 +7 21 *0.62 *0,36 2 6 8
711 StoCKkton.sueireveoeoncnesanncossannsnans 37 58 17 +6 37 +7 39 *0.68 0.43 3 0 0
Mokelumne River

713 Geor iana Slough entrance.. 38 08 121 35 +6 05 +6 51 *0.54 *0.38 2.4 2 6
715 Term nous, South Forke.eoeoo 38 07 121 30 +6 25 +7 17 *0,58 *0,36 2.5 4 7
717 New Hope Bridge <4>.....0cveecevanses 38 14 121 29 +6 49 +7 58 *0.62 *0.45 2.7 6 8
719 B8ishop Cut, Disappointment Siough,. 38 03 121 25 +6 43 +7 18 *0.66 *0,43 2.9 9 0
721 False RiVer.sieeesesesoososnasnsssosnanns 38 03 121 39 +5 16 +5 51 *0.55 *0.42 2.4 3 7
723 [rish Landing, Sand Mound Slough.. 38 02 121 35 +5 56 +6 36 *0.62 *0.45 2.7 6 8
725 Orwood, 01d RIVEP.euvwuonnsssnonss 37 56 121 34 +6 59 +7 35 *0,63 *0.45 2.8 7 9
727 Holt, Whiskey Slough 37 56 121 26 +6 45 +7 41 *0.67 *0.45 3,0 9 0
728 Borden Highway Bridge, 01d River.. 37 53 121 34 +7 11 +7 41 *0,53 *0.40 2.3 2 6
729 Borden Highway 8ridge, Middle River,.... 37 54 121 29 +7 22 +7 59 *0.54 *0.37 2.4 2 6
731 Grant Line Canal (drawbridge).ieeevsesass 37 49 121 27 +8 41 +9 22 *0,63 *0.45 2.8 7 9

Sacramento River

733 Collinsville.ieeeeeeensassncnarascasns 38 4 121 51 +3 43 +4 26 *0.65 *0.55 2. 3 0
735 Threemile S1oughe..svecenneosssocnane 37 121 42 +4 20 +5 04 *0.69 *0.55 3. 4 1
737 Rio Vista <4>.. 38 9 121 42 +4 05 +5 13 *0,81 *0.55 3. 4 4
739 Steamboat Siough, Snug Harbor Marina. 38 121 37 +4 55 +5 54 *0.67 0.42 3. 4 0
741 Snodgrass STOUGN..e.veeenonsooarsnasns 38 121 29 +7 31 +8 42 *0.40 *0.27 1. 2 2
743 Clarksburg <4> 38 121 31 +6 25 +8 04 *0,50 *0.27 2. 2 4
745 Sacramento <4> 38 121 30 +7 34 +9 34 *0,.50 *0.27 2. 2 4
OQuter Coast
747 BO1iNas BaY.uueseeooasoessosonossanssons 37 54 2 4 -0 25 -0 11 0.1 00 4,0 3.1
749 Bolinas Lagoon.sieeececesoocenonsascnans 37 55 2 41 -0 11 +0 37 1.6 -0 4 3.0 2.2
751 Point Rey 38 00 2 58 -0 50 -0 26 0.1 00 4.0 3.2
753 Tomales Bay entranc@.eceecccsssces g 14 2 59 -0 12 +0 20 0.87 0. 1 3.5 2.7
755 Blakes Landing, Tomales Bay...... 38 11 2 55 +0 32 +1 15 0.7 -0 2 3.6 2.7
757 Marshall, Tomales BaY.eeosoesevos 38 10 2 54 +0 38 © +1 16 0.6 -01 3.6 2.8
759 Inverness, Tomales BaY..eeeevocesaonnans 38 06 2 51 +0 40 +1 24 0.6 -0 2 3.7 2.8
761 Bodega Harbor entranceieesccssescreracas 38 18 3 03 -0 38 -0 16 0.2 +0 1 3.8 3.1
763 FOPt ROSSeceueeceonsssssssnonsssanenasnss 38 31 315 -0 51 -0 30 0.2 00 3.9 3.0
765 Arena Cove, 38 55 3 43 -0 40 -0 17 0.0 00 4.0 3.2
767 Point Arena.. 38 57 3 44 -0 42 -0 21 0.1 00 4,0 3.1
769 Albion.ieessiioasenonoans 39 14 123 46 -0 31 -0 19 0.1 00 4,0 3.1
771 Little River Harbor.,..... 39 16 123 47 -0 31 -0 19 0.1 060 4.0 3.1
773 Mendocino, Mendocino Bay. 39 18 123 48 -0 38 -0 21 0.1 00 4,0 3.1
775 Fort Bragg Landing...eee. 39 27 123 49 -0 30 -0 20 0.0 (U] 4,1 3.1
777 NOyo River...eecesonanasss 39 25 123 48 -0 31 -0 12 +0,1 +0 1 4,1 3.2
779 Westport,., 39 38 123 47 -0 31 -0 22 0.1 00 4.0 3.1
781 Shelter Cove.osuearssnnsossssonarssens 40 02 124 04 -0 39 -0 17 +0.2 +0 1 4.2 3.3
783 Cape MendoCinO.esesessoeesosononncnas 40 26 124 25 -0 28 +0 01 0.1 00 4,0 3.1
on HUMBOLDT BAY, p.76
785 Eel River entrance....cceesscenacas 40 38 124 19 -0 31 -0 16 -0.6 0.0 4,4 6.3 3.4
Humboldt Bay
787 Entrance..eeesennncsossaccannns 40 46 124 15 -0 09 +0 07 -0.7 00 4,3 6.2 3.3
789 HUMBOLDT BAY (North Spit).cecs. 40 46 124 13 Daily predictions 5.0 6.9 3.7
791 Fields Landing...ccoeanassncees 40 43 124 13 -0 10 -0 02 -0.1 0.0 4.9 6.8 3.7
793 Hookton Slough....eeseescensses 40 41 124 13 +0 15 +0 25 -0.2 0.0 4.8 6.6 3.6
794 Elk River Railroad Bridge <18), 40 45 124 12 +0 10 +1 26 -1.8 0,9 4,0 5.1 2.4
795 BUCKSPOrt.seeeeanooonsssooonasns 40 47 124 12 +0 05 +0 02 +0.1 0.0 5.0 7.0 3.8
796 Eureka...ceeensorsesosascnnsane 40 48 124 10 +0 17 +0 07 +0.4 0.0 5.3 7.3 3.9
797 Eureka Slough Bridge....ceneass 40 48 124 08 +0 23 +0 06 +0.5 0.0 5.5 7.4 4,0
799 SaM0Asesevsns 40 50 124 11 +0 19 +0 07 +0.4 0.0 5.4 7.3 4,0
801 Arcata Wharf 40 51 124 07 +0 48 +0 54 +0.1 0.1 5.0 7.0 3.8
803 Trinidad Harbor...eeveesssnccncsaseassae 41 03 124 09 -0 25 -0 13 -0,2 0.0 4.9 6.7 3.6
805 Crescent CltYeseoneesonooosnsoensansnoas 41 45 124 11 -0 26 -0 14 +0.1 0.0 5.1 7.0 3.8
OREGON
807 Brookings, Chetco Cove..oevenanossnnanss 42 03 124 17 -0 2 -0 10 + 1 0.0 5.1 6.9 7
809 Wedderburn, Rogue River...cieeeecccacesns 42 26 124 25 -0 1 +0 02 2 -0.1 4.9 6.7 6
811 Port Orford...ecsesesossessnoosonsosnans 42 44 124 30 -0 1 -0 05 + 4 +0.1 5.3 7.3 9
813 Bandon, Coquille River.iceseeacosoevenae 43 07 124 25 -0 0 +0 14 + 1 -0,1 5.2 7.0 7
Coos Bay
815 Charleston.seeececncesoscsncsonsnenss 43 21 24 19 +0 0 +0 16 + 0, 5.7 7.5 4,1
817 Empire.cseseecseoacconnsonsnsssannns 43 24 24 17 +0 4 +1 06 0. 4,9 6.7 3.5
819 C00S BaYsososasan 43 23 24 13 +1 3 +1 44 + 0. 5.6 7.3 3.9
Umpqua River
821 Entrance.eseeeses 43 41 24 12 +0 14 +0 19 +0,1 0. 6.9 3.7
823 Gardineresceesaseceenacossoncanenasns 43 44 24 07 +1 05 +1 25 -0.1 0. 6.7 3.5
825 REEdSPOrt.esecencvecosacsssasssonsss 43 42 24 06 +1 20 +1 40 -0,1 0. 6.7 3.6

Endnotes can be found at the end of table 2.
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PART III: PROTOTYPE DATA ANALYSIS

9. A harmonic analysis was performed on both water surface elevation
and current data. The analysis techniques are presented in detail by Outlaw
(1983). We outline briefly the techniques and results of the analysis for

water surface elevations and currents in turn below.

Water Surface Elevations

10. The harmonic analysis for surface elevation tidal constituents was
conducted for 22 NOAA tidal elevation stations and three Raytheon pressure
cells employing hourly data. Station numbers and locations are as shown in
Table II-1. The NOAA stations are representative of tidal elevations in the
nearshore region and along the Mississippi Sound barrier islands. The pres-
sure cell data are repregentative of the tide in the Gulf approximately
27 miles® south of the barrier islands.

11. The harmonic analysis included:

a. Editing to remove data spikes, insertion of missing data, and
subtraction of the mean from the data record.

o

Filtering to remove high and low frequency trends from the data.

¢. Harmonic analysis for tidal constituents.

The NOAA surface elevation data had been edited by NOAA and was continuous
over the record length. During the analysis, pressure cell data were con-
verted to surface elevation and corrected for barometric pressure changes

prior to removing the mean.

12. A digital band-pass filter was applied to eliminate frequencies in
the data outside the semidiurnal to diurnal tidal frequency range.

13. In the harmonic analysis, the tidal elevation at a given station is

represented as follows:

n s
2nt
h(t) = H0 + z fiHi cos <T + (Vo + u)i Ki)

1=1 t

* A table of factors for converting non-SI units of measurement to SI
(metric) units is presented on page 12.
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where

h(t) = tidal elevation as a function of time

t = time
Ho = mean of the filtered data record
f. = node factor for constituent i

v + u)i = equilibrium argument for constituent i
T. = period for constituent i
n = number of constituents considered
H. = mean amplitude for constituent i
= local epoch for constituent i

The constituents included in the analysis and their periods are:

Harmonic Constituent Symbol Period, hr

—
Principal lunar diurnal 01 25.82
Lunisolar diurnal K1 23.94
Principal solar diurnal P1 24.07
Smaller lunar elliptic M1 24.84
Small lunar elliptic J1 23.10
Larger lunar elliptic Q1 26.87
Principal lunar M2 12.42
Principal solar 52 12.00
Larger lunar elliptic N2 12.66

14. The mean amplitude, Hi , and local epoch, Ki are determined by
minimizing the variance between the filtered record and the predicted record
given in the equation above.

15. Mean elevations of the NOAA Data Record relative to mean lower low
water are given in Table III-1. The constituent amplitude and phases are pre-
sented in Tables III-2 and III-3, respectively. The length of the data record
and the root mean square (RMS) error are given in Table III-4. The principal
tidal constituents are the diurnal constituents 01 , K1 , Pl , and the semi-

diurnal constituents M2 and S2
Currents

16. The harmonic analysis for currents was conducted for all observed
data separately for the east-west and north-south components. In this manner
analyzed current components correspond in orientation to the numerical model

current components thereby facilitating comparisons.
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Table III-1

Mean Elevation of Observed NOAA Data Record

Relative to Mean Lower Low Water

Station*

873-1269
873-1952
873-5184
873-5523
873-5587

873-7048
874-0199
874-0405
874-1196
874-2221

874-3081
874-3495
874-3735
874-4586
874-4671
874-4756

874-6819
874-7437
874-9704
876-0412
876-0595
876-0742

Elevation, ft
0.71
0.69

0.73
0.96

0.85
0.85
0.88
0.88
0.90

1.07

1.01
1.04

0.90

0.99
0.87

0.56
0.71
0.92

* Refer to Table II-1 for T designations
used in Figure II-3.
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Table III-2

Surface Elevation Mean Amplitude (ft)
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T designations used in Figure II-3.

Refer to Table II-1 for
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T designations used in Figure II-3.

* Refer to Table II-1 for
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Figure I.1l1b.

PREDICTED DATA

JANUARY 1-31,1980 (DAYS)

DIFFERENCE
(REAL — PREDICTED)

JANUARY 1-31,1980 (DAYS)

One month of predicted tides at Golden Gate generated from
partial tidal constituents. The bottom graph shows the
difference between the field and predicted data.
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Figure I.1lla. One month of field observations of tides at Golden

JANUARY 1-31, 1980

FIELD DATA

(DAYS)

Gate decomposed into tidal harmonics.

After Cheng, 1984
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Amplitude, h
(1980)

cm,
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A New Evaluation of the Wind Stress
Coefficient Over Water Surfaces

J. AMOROCHO AND J. J. DEVRIES

Departments of Civil Engineering and Land, Air and Water Resources
University of California, Davis, California 95616

An analysis of data from numerous investigators, as well as information obtained directly by the au-
thors, indicates that a large portion of the difficulties encountered in the past in establishing a relation-
ship between the wind stress coefficient C,, and the wind velocity U, can be attributed to computation-
ally induced scatter of the data points. However, plots of the shear velocity us against U, reveal clear
trends which show that three regions exist in the development of the wind shear stress: (1) a lower region
in which the wind waves have not begun to break, and for which C,, is approximately constant, (2) a
transitional region, after the onset of breakers, for which C,, varies nonlinearly with U ,; and (3) a limit-
ing region for which C|, tends again toward a constant value, and corresponds to a condition of breaker
saturation. A single general equation to express C,, as a function of U, is proposed, which agrees with
the above findings. It is shown that in contrast with the perception of previous investigators, Charnock’s
coefficient a = zog/us?, where z, is the roughness length and g is the acceleration due to gravity, is not
constant anywhere in the range of wind velocities 0 < U,y < 40 m/s. Finally, the data indicate that the
wind flow boundary in each one of the three regions described above can be classified as having ‘low

roughness,’ ‘transitional,’ and ‘high roughness,’ respectively.

INTRODUCTION

For the past 100 years or so, numerous investigators have
carried out measurements of wind shear over water surfaces,
both in the laboratory and at sea. A large volume of data has
been collected, but no concensus has been reached yet on its
interpretation. In particular, a variety of opinions has arisen
with respect to the ‘wind stress,” ‘wind shear,” or ‘surface drag’
coefficient C, as it has been variously termed. Some recent
workers [e.g., SethuRaman and Raynor, 1975; Kitaygorodskiy,
1973; Pond et al., 1971; Ruggles, 1970] maintain that C, does
not vary with wind speed; others [e.g., Sheppard et al., 1972;
Davidson, 1974; Wu, 1969, 1972; Garratt, 1977; Melville, 1977]
have presented data supporting the notion that it does. The
values of C, have been disputed, as well as the appropriate ex-
pressions needed to represent it.

To set the stage for a reexamination of this problem, a few
basic notions are recalled here.

Let it be assumed that for wind blowing over water, under
conditions of neutral thermal stability, the logarithmic law of
air velocity change with height is accepted, as given by the ex-
pression

U.= ‘L—‘ In (2/2,) ()]

Here

U, mean wind velocity measured at elevation z above the
water surface;
x von Karman constant (normally taken as 0.4);
us shear velocity, equal to (r,./p)"/%
z, vertical intercept of a semilogarithmic plot of z versus
U;
7, wind shear stress at the water surface;
p air density.

An established practice has been to measure wind velocity
profiles over water, to determine the shear velocity via (1),
and to compute 7, therefrom.

Copyright © 1980 by the American Geophysical Union.
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Because it is not always practical to perform velocity profile
measurements in field situations, it has become customary to
express the relationship between the wind shear stress and the
velocity measured at a single location z above the mean water
level by the expression

T

Cz=pl;2 93]

where C, is the ‘wind stress coefficient.’

One of the most complete summaries of published values of
C, was assembled by Wu [1969] and comprises data from 42
different investigations. This summary shows that the points
originated from laboratory studies are widely scattered, and
although the ‘field’ data show a general trend, their dispersion
makes the selection of wind stress coefficients uncertain.

In an attempt to fit a single curve to the dispersed data on
C,, Charnock [1955] proposed an expression based on a pa-
rameter a which has become known as Charnock’s coefficient,
as follows:

C.= 3

Here, « is given by the ratio

820
a= "5 C))
where g is acceleration due to gravity.

Charnock’s coefficient has been generally assumed to be a
constant when U, exceeds certain values. From the limited
amount of data available to Charnock for short fetches in the
field, as well as from laboratory data obtained by Wu [1968],
Hidy and Plate [1966], and others, it appeared that at wind
speeds approaching 10 m/s, « had a value of about 0.011.
However, Kraus [1972] reports that when field data for long
fetches are used, the required a to match (3) varies from about
0.008 to much higher values. Similar difficulties have been
noted by many others.

From the above remarks, it is clear that many questions re-
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Fig. 2. Plots of ux and C,, versus wind velocity U, from data by SethuRaman and Raynor [1975].

classes of U, at intervals of 1 m/s. This information was not
included in Wu’s summary. Other data originating from sur-
face stress computations by the geostrophic departure method
during hurricanes were also cited by Garratt. For the present
paper, the C,, values found in the original sources [Miller,
1964; Palmén and Riehl, 1957; Hawkins and Rubsam, 1968]
were used, and also converted to ux.

Finally, data cited by SethuRaman and Raynor [1975] for C,
and u=x versus U, were also considered. These values, scaled
from the original paper and converted to z = 10 via (1), were
plotted separately in Figures 22 and 2b in order to avoid ex-
cessive clutter and overlap with Wu’s data.

The contrast in the scatter between the C,, and ux plots is
evident. The trend of the points, which is ill defined in the
case of C\, is fairly well defined for ux. Note that the dis-
persion of all the data sets is about the same for the lower
wind velocities. The hurricane data points at U,, > 15 ms are
more dispersed. This may be due to the greater imprecision
associated with the inference of shear stresses from tropical
cyclone information. Kraus [1972] suggests that this impreci-
sion may cause on occasion overestimates or underestimates
of the stress by a factor of 2. In fact, some C,, values from the
sources cited are as high as 0.003-0.004 at wind speeds U, be-
tween 35 and 50 m/s. These values seem doubtful to the au-
thors and were not included in the present analysis. Future
measurements made from instrumented platforms at sea may
yield more reliable information.

The scatter of the u+ points is certainly not surprising, since
they originate from many different sources, and reflect the
true experimental errors, as well as the lack of homogeneity of
the conditions of measurement. Clearly, since the fetch of the
water surfaces varied widely in the different studies involved,
one would expect nonuniformity in the development of wave
heights and hence in the overall water surface roughness for
equal wind velocities. The variability of the wind in time can
also be expected to have caused some of the dispersion. Fi-
nally, it is uncertain whether appropriate corrections were in-
troduced in all the data for the effects of the state of thermal
stability of the water-atmosphere system, particularly in the
earlier investigations. Nevertheless, the us points appear rea-
sonably organized along a smooth curve as shown, and some
important conclusions can be reached.

It is noted in Figure la that two well-defined regions with
relatively low scatter are apparent. The first corresponds to
points for which 0 < U, < ~ 7 m/s and the second to points
for which U,, > ~20 m/s. The points fit straight lines passing
through the origin with high coefficients of correlation (0.83
for 0 < U,y < ~7 m/s and 0.94 for U,, > ~20 m/s). From
these lines, the following expressions result, approximated to
the fourth decimal place:

ux =0.0323U, 0< Up<~Tm/s 6)

ux = 0.0504U 4 Uig>~20m/s )
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Fig. 4. Plot of u« versus wind velocity U, from California Aqueduct data.

flow velocity, S, is the channel boundary friction slope, Z; is
the elevation of the channel bottom, and y is the water depth.

In the laboratory, 7, was evaluated by discretizing (10) be-
tween the end points of a selected channel reach and by mea-
surement of the right-hand side terms of (10) for various wind
velocities U., averaged over a period of time. The corre-
sponding u. was computed from r,. These measurements gave
rise to a set of data points that exhibited a smaller dispersion
than the wind profiles. This result could be expected, because
the mean wind slopes evaluated over a reach are less sensitive
to the local wind field perturbations produced by the waves,
and tend to attenuate their overall effect.

In these experiments the waves began to break when U,
reached a value of about 9 m/s. In Figure 3 a straight line was
fitted by least squares to the points for the interval 0 = U, | <
9 m/s. The equation of this line, averaged for all the data, is

(In

For U., > 9 m/s, the data suggest an upturn of the trend.
With the equipment available it was not possible to attain
higher wind velocities than about 12 m/s, so the behavior of
u. for a wider range of U,, could not be observed. The in-
dication that a change of regime occurs after the waves start
breaking is, however, clear. Similar results have been obtained
by other investigators, including Wu [1969], who reports an
abrupt change in C,, at about 8 m/s. The velocity U,, at
which the breakers occur depends to a variable degree on fac-
tors such as fetch and water depth, and thus may vary be-
tween diflerent laboratory flumes.

It is noted that the velocity U,, = 7 m/s at which the break-
ers begin to form over the sea corresponds to U, , = 437 m/s
if the logarithmic velocity distribution law is assumed. At this
point, for which u. = 0.23 m/s, the waves do not break in the
laboratory. Conversely, the velocity U., = 9 m/s at which the
first breakers occur in the laboratory corresponds to Uj, = 22
m/s and us+ = 1.11 m/s, for which sea surfaces are already sat-
urated with breakers. This can simply be attributed to the fact
that the laboratory fetches are too short for the waves to grow
in height sufficiently to break at wind velocities which are
ample to produce breakers at sea. The key result here is that
in the lower range of wind velocities u« is a linear function of
U., and hence C. is constant, only as long as breakers do not
form.

ux = 0.0663U,

The authors also obtained measurements of wind shear ve-
locities in the California Aqueduct, a large canal running
north to south along the western flank of the San Joaquin
Valley in California. This canal experiences strong axial wind
action during certain seasons of the year. The canal has a
width of some 50 m. The length of the reach observed, which
has a nearly straight alignment, is approximately 10 km. De-
tails on these studies are reported by DeVries [1978] else-
where. Of interest here, among the results of that investiga-
tion, are data showing the relationship between U, (wind
velocity 2 m above the water) and us.

The shear velocities were obtained for various wind condi-
tions from profile measurements, from measurements of the
Reynolds stresses (eddy correlation method) taken with hot-
film anemometers, and from the wind slopes, as evaluated by
determination of the wind ‘set-up.” These data are plotted in
Figure 4, together with other information for open water cited
by Deacon and Webb {1962] and Clancy {1970]. The points
corresponding to the Reynolds stress measurements depart
from the general trend of the wind profile and the wind set-up
data probably due to instrumental difficulties, as discussed by
one of the authors elsewhere [ De Vries, 1978]. In this canal, the
waves started breaking at U, = 6 m/s approximately (equiva-
lent to U,, = 7 m/s). A straight line fits the points in the inter-
val 0 < U, < 6 m/s. For U, > 6 the points trend upward, in a
manner similar to that observed in the laboratory experiments
after the onset of breakers, as well as that indicated by the
data given in Figure 1. The solid line drawn through the
points corresponds to the equation proposed by the authors as
described in the following section.

The above information tends to confirm the hypothesis that
in the transition region the values of ux and U, are related to
the development of breaking waves. The tollowing theory is
based on this premise.

A THEORY ON THE VARIATION OF C)o

The coefficient C,, can be considered to be composed of
two elements: (1) an element C, due to roughness drag asso-
ciated with nonbreaking waves and ripples, and equal to a
lower limiting value Coni, = 0.00104; (2) an element due to
form drag C,, associated with flow separation behind the
breakers. It is postulated here that this second element is pro-
portional to a function depending on the area covered by
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The relationship between U\, and U, can be evaluated by
expressing U, and U, through (1) and subtracting one from
the other. After some manipulation, the following results are
obtained:

U.= U= =10 (10/2) = Ull = (C)"' In (10/2)]  21)

Combining this with (20), we get

C.=Cyll = (Ci0) "« In (10/2)]* 22

With these equations, a curve expressing the relationship C,
versus U, can be constructed for any z, given C,, values com-
puted from (19). It is remarked here that (19) describes a
curve that only reaches the maximum and minimum values
Ciomax = 0.00254 and Ci4pi, = 0.00104 asymptotically. How-
ever, the convergence on both sides of the central region is
very rapid and the curve ordinates are indistinguishable from
these limiting values within an approximation of 10~ in the
close vicinity of U,, = 7 m/s and U,, = 20 m/s. Therefore the
essential constancy of C, at the high and low wind velocity
ranges is practically preserved.

Equation (18) was also used to plot the curve shown on Fig-
ure 4, with proper scaling for U, by means of (21). The agree-
ment between this curve and the plotted points indicates that

the shear stress relationship proposed applies equally well to
large canals and to open water surfaces such as lakes and the
sea, as long as the canal fetches are sufficient to permit the for-
mation of breaking waves.

CHARNOCK’S COEFFICIENT «

The validity of the assumption that Charnock’s « is con-
stant was tested from the experimental data obtained by the
authors, as well as from (18).

Combining (1) and (4), one gets

a = gzlexp (kU./us)]"'us? (23)

Figure 5 is a plot of a versus U, , based on the ux values
found in the laboratory. The points were computed from indi-
vidual u« values, and the curve corresponds to the solid curve
shown in Figure 3. Figure 6 shows a similar plot based on the
measurements made at the California Aqueduct, and Figure 7
represents the behavior of « based on (18). It is clear from
these three plots that « cannot be considered to be constant
anywhere in the range of wind velocities shown. While Char-
nock’s idea of a nondimensional parameter relating the
‘roughness length’ to the shear velocity may be valid, the
roughness length, is a derived quantity and its determination
is very imprecise. The plots illustrate the large uncertainty in-
volved in evaluating a from individual measurements of us«.
The fact that this uncertainty was not recognized for the many
years elapsed since its use was first proposed is quite surpris-
ing. Charnock suggested that the parameter was constant for
U, > 10 m/s on the basis of the results of extrapolations of
logarithmic plots of velocity profiles. Such extrapolations are
extremely imprecise, but the illusion of the constancy of « has
persisted nevertheless. One can only attribute this persistence
to the circumstance that the illusion could not be dispelled
due to the equally enduring reliance on strongly scattered dia-
grams for the definition of C,,. Another difficulty has arisen
from the circumstance that in the past, complete data sets cov-
ering a wide range of wind velocities from zero to, say, 35
m/s, could not be obtained directly by individual investigators
from their own measurements. In some cases the workers
drew far reaching conclusions from a limited range of results.
For example, the data of SethuRaman and Raynor are con-
tained mostly within the lower region of U, values for which
Cyo is constant. This constancy certainly should not be as-
sumed to extend beyond the range of the data. The conclusion
that Charnock’s « is constant and equal to 0.016 *. . . for mod-
erately rough sea conditions and 0.072 for fully rough condi-
tions . . .” appears somewhat contrived and is not supported ei-
ther by the data of SethuRaman and Raynor themselves or by
the additional information presented here.

Other authors have chosen to ignore large masses of avail-
able information. The exclusive use of data not included in
Wu’s summaries, for example, may have led Garratt to over-
look the existence of the transition region of the shear stress,
and to propose that a value of a = 0.0144 describes ade-
quately the variation of C\, in the region 4 < U, <21 m/s.

It is certainly possible to obtain an expression for Char-
nock’s a by combining (18) and (23). However, quite aside
from the complicated form of such an expression, it would
seem that to use it for finding a nonconstant « as a vehicle for
computing C,, and thence, eventually, 7,, is a rather pointless
exercise. Therefore it seems to the authors that since Char-
nock’s « has lost its virtue as a constant parameter, its future
use can hardly be justified. The value proposed by Garratt
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This paper presents an objective assessment of four methods for estimating sea surface friction velocity
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(3) correlations based on u, derived from the four

methods show nearly identical percentage deviations. The conclusions are that (1) u, normalization acts
to eliminate the effect of atmospheric stability and (2) any of the four methods can be used effectively in

practical applications.

1. INTRODUCTION

One of the basic tools for studying wind waves, surface
currents, mixing, and sea-air interactions in the upper ocean is
to nondimensionalize the relevant parameters in order to find
universal correlations for use with theoretical models. Wind
speed at 10 m above sea surface, u,,, has frequently been used
in the nondimensionalization. While it is convenient to use
u,, many routinely available wind speeds are measured at
other levels, that is, 19.5 m from a ship or 5 m from a buoy.
To reconcile these different wind measurements as well as to
eliminate the effects of surface roughness and atmospheric sta-
bility, the friction velocity u, is used for nondimensionaliza-
tion. As u, is not a readily measured parameter, a number of
empirical methods have been developed to obtain u, from
measurements of u, and air-sea temperature differences. In this
paper we examine four of these methods and apply them to
the wind, wave, and temperature data recorded from
NOMAD buoys deployed in the Great Lakes. Since in this
case there is no measured u, for direct verification of the re-
sults, we simply apply the estimated u, to correlations of wind-
wave parameters. We expect that an effectively estimated 1w,
will be free from atmospheric stability effects, and hence its
application in the parametric wind-wave correlations will act
to reduce the scatter.

2. METHODS

The four empirical methods we examine in this paper are (1)
the Great Lakes Environmental Research Laboratory
(GLERL) method [Schwab, 1978] based on the works of Long
and Shaffer [1975), Businger et al. [1971], and Smith and
Banke [1975], (2) the Kondo method based on Kondo [1975],
(3) the Large and Pond method based on Large and Pond
[1981, 1982] and Keller et al. [1985], and (4) the Smith
method based on Smith [1981] and Dyer [1975]. All four
methods start with the similarity theory of Monin and Obuk-
hov [1954] that expresses wind shear and temperature gradi-
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ent in the form
ufoz = (u,/kz)$ (£) 1
90/0z = (0,/kz)9,({) v

respectively, where u, is the friction wind velocity, 6, is the
scaling temperature, k = 0.4 is the von Karman constant,
{ =z/L is the dimensionless stability height, and L=
Ou,?/(gk0,) is the Monin-Obukhov stability length.

One difference in the methods tested here is in the definition
of functions ¢, ({) and ¢,({) by the authors listed in Table 1.
The functions are shown graphically in Figure 1. While the
differences are almost nonexistent for unstable cases with
¢ <0, the functions tend to diverge, in some cases signifi-
cantly, for the stable case with large {. Following Paulson
[1970] we can integrate (1) and (2) to give the wind and tem-
perature profiles as:

u = (u,/k)In (z/z9) — ¥] ©)
0 =0, + (0./k)0n (z/20) — ¥4] @)

where z,, is the surface roughness length, 8, is the extrapolated
temperature at z =0, and the expressions of ¢,({) and ¥ (0
corresponding to ¢,, and @, are those listed in Table 2. Note
in Table 2 that Long and Shaffer [1975] further divide the
stable condition into two parts: the upper part for mildly
stable cases (that is, 0 < { < 1) and the lower part for strongly
stable cases ({ = 1). These solutions are functions of three un-
known parameters: u,, zo, and L. Different authors have de-
vised their own methods for estimating L. In addition, u, can
be linked with wind speed u, or z, through various theoretical
or empirical relations. The Charnock [1955] relation, for ex-
ample, states that gz,/u,? is a universal constant, where g is
the g onal acceleration; hence z,, ng the
aerod roughness at the surface, is p to u,2.
Smith [1981] further postulated that roughness length for a
smooth surface should be added to achieve gradual transitions
from smooth to rough surface conditions. Thus

z, = au,%/g + (v/u) exp (—5.5k) %)

where a is the Charnock constant, and v is the dynamic vis-
cosity of air (x14 x 107¢m?s™").
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TABLE 1. Wind Shear and Temperature Gradient Functions as Given by Different Authors
#(0) ¢,

Stable Unstable Stable Unstable

Businger et al. [1971] 1.+ 4.7¢ (1. — 15" 1* 0.74 + 4.7C 0.74(1. — 9.~ 12
(GLERL)

Kondo {1975]) L+6L0/(L.+0) (1. — 16" 1L+ 6L/(1.+0) (1. —160)7 12
Large and Pond [1981] L.+ 78 (1. - 16"+ 1L.+7¢8 (1. —-16f)"2
Dyer [1975], 1 +5¢ (1. =160~V 1.+ 5¢ (1. — 16~ 2

Smith [1981]

In general, all four methods follow a two-stage approach:
first, obtain the neutral bulk coefficient and then use air-sea
temperature differences to estimate the diabatic conditions. In
Smith’s method the neutral bulk coeflicient is given by

€. = ki (2/20)* ©)

which can be estimated iteratively along with (5). Kondo’s
method, on the other hand, obtains C,, from the neutral 10-m-
level-bulk coefTicient by

C.. = kK[KkC,o. "' + In (2/10)] 72 U]

In the work by Kondo [1975], C,,, is empirically related to
the wind speed by:
103C,,, = 1.08u;,"*"° 0 <u;,<22ms™*
103C,,, = 0.771 + 0.0858u,, 22 <up<S5Sms!
10°C,,, = 0.867 + 0.0667u,, S<u,,<8ms™ ' (8)
10°C,,, = 1.2 + 0.025u,

10°C,,, = 0.773

8<u,<25ms!

25 <u,<50ms!

Note here that u,, is the neutral 10-m-level wind speed. To
proceed with a nonneutral u,, Kondo [1975] gave a simple
iteration procedure that can be used to obtain an estimate of
neutral u,,. Large and Pond’s [1981] first-stage approach is
similar to Kondo’s method except that they used a simpler
empirical formulation for C, :

10°C,,, = 1.14

O0<u,<10ms™!

©®)
103C,,, = 049 + 0.065u;, 10 <u;o < 50 ms™!
@©
- Dyer
© Businger et al
0 Large-Pond
Ee
s Kondo
]
o~
o
3 2 0 1 2 3
¢
Fig. L.

The GLERL approach uses the Charnock relation to
obtain z, with the Charnock constant determined from setting
uo =15 ms™" in the C,,, versus u,, relation given by Smith
and Banke [1975] as:

10°C,,, = 0.63 + 0.066u,, (10)

In the second stage the GLERL method uses the iteration
scheme of Long and Shaffer [1975] to obtain L and hence the
values of . Large and Pond [1981] developed semitheoretical
formulas for directly calculating { from given wind speed u,,
air temperature T, and sea temperature T, in which the u,
calculation is given by Keller et al. [1985] as:

u, = u(C.)" /(1 —(C.)" "W /K] (11)
The Smith [ Jap achrequ iterat which u,, 0,,
and ¢ funct are usted to  d the C,,. Kondo

[1975] perhaps provided the most simplified approach by de-
veloping approximate formulas for calculating C, from a neu-
tral C,,.

Figure 2 presents plots of C,, versus u,, for different air-sea
temperature differences with the four methods. The neutral
stratification case is shown by the heavy line. The thin lines
correspond to air-sea temperature differences ranging from
—20°C (curves above the neutral curve) to +20°C (curves
below the neutral curve) at 1°C increments. The main differ-
ences are at wind speeds less than 2.5 ms~!; the Kondo,
Large-Pond, and Smith methods show the unstable drag coef-
ficient increasing as wind speed decreases to zero, while the

GLERL method shows it continuously decreasing. This is
clearly a result of the different formulations of the methods.

@

~

Dyer

© Businger et |

0 Lerge-Pond

e
g Kondo

™

~

o

3 2 o 1 2 3

Comparison of different wind shear and temperature gradient formulas.
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TABLE 2.

Long and Shaffer
[1975] (GLERL)
Kondo [1975]

Large and Pond
[1981]
Smith [1981]

Long and Shaffer
[1975] (GLERL)

Kondo [1975]

Large and Pond
[1981]

Smith [1981]
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Diabatic Wind and Temperature Profiles as Given by Different Authors

Stable
0.74 In (£/Co) + 4.7(C — £,)
~In{,+ 47/, +57In¢
In (§/C,) + 6 In [(1 + O/1 + {,)]
-7L

-5

Stable
In (€/Lo) + 47 — o)

—0.741n (o + 4.7/{y + 544 In {
In ;C/Co) +61n [(1 + DAL + {o)]
7L

-5

Y0

Unstable*

In [(x — IN1 + x)/(1 + x}xq — 1)]
+2[tan™" x —tan™* x,]

In [(x2 + 1)Mxo + 1)2Ax? + 1)x + 1)3]
+1n ({/Ly) + 2[tan~! x —tan™" x,]

2 In [(1 + x)/2] + In [(1 + x?)/2]
—2tan"! x + n/2

21n [(1 + x)/2] + In [(1 + x?)/2]
—2tan ' x +n/2

U7((9]
Unstable*
0.74 In [(x% — 1)}xo% + DAx? + I)Xxy2 ~ 1))

In [(x + 1Xxq + DAxo — 1Xx + 1)]
tn [(1 + x2)/2]

21n [(1 + x2)/2]

*Where x = (1 — al)!"*, x, = (1 — a{,)!'*, and a = 15. or 16.

While the methods have different emphases which possibly

3. Dara

tend to accentuate each author’s own data, the differences are
generally no greater than the data point scatter from which
they were derived. All four methods can be readily used to
estimate a wind profile and hence u, from a given wind speed
and air-sea temperature difference. In the following we shall
compare the results as they are applied to actual wind and
wave measurements.

o o
o o
w0 w
-— -
2 2
w w0
[=] o
GLERL Kondo
Q =)
(=] o
00 &0 100 %0 200 00 100
u, mfs u, ms
Q Q&
E o
2 .3
[S R} O o
L) - ) -
Q Q
w -
o Q
Large-Pond Smith
(=] o
o o
50 100 10 200 00 60 100 10 200
u, ms u_ m/s

0

0

Fig. 2. Comparison of different bulk transfer coefficient formulas

There have been eight NOMAD buoys moored in the Great
Lakes since 1981 in water depths ranging from 15 to 250 m
(Figure 3). These buoys are boat shaped, 6 m in length, with
an electronic payload for measuring wind speed, wind direc-
tion, barometric pressure, air temperature, sea surface temper-
ature, and surface wave spectral data. Most of the meteoro-
logical sensors are located 5 m above the water surface. Data
are reported hourly. The wind speed and direction, as well as
air and surface water temperatures, are 8.5-min averages of
samples obtained at 1-s intervals. The waves are measured
with an accelerometer using an on-board Wave Data Ana-
lyzer system [Steele and Johnson, 1977] that transmits acceler-
ation spectral data via the UHF GOES satellite to a shore
collecting station, where wave frequency spectra with 48 de-
grees of freedom are calculated from 20 min of measurements.
In this study we examined all the data recorded during 1981
1984, an average of over 4000 hourly measurements from each
buoy every year. The results from different buoys and from

=—p

LAxe

as a function of 10-m wind speed for air-sea temperature differences
from —20°C to +20°C at 1°C increment. The heavy line is the neu-
tral case.

Kilomelers
1] 100 200
Fig. 3. Great Lakes map showing the locations of the eight Nation-

al Data Buoy Center NOMAD buoys.
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different years are very similar, however. Therefore the de-
tailed analyses presented here use data from the 1984 northern
Lake Michigan buoy number 45002 as representative of all
the buoys. Buoy 45002 recorded 4212 simultaneous measure-
ments of wind speed, air-sea temperature difference, significant
wave height, and peak energy wave period in 1984 with a
maximum wind speed of 15 ms~! and a maximum significant
wave height of 4.5 m. In the following analyses, calculations
were based on all of the 4212 data points, while the graphs
show only 1056 points (about every fourth point) in order to
reduce crowding.

4. RESULTS AND DISCUSSION

4.1.

The purpose of the empirical methods discussed above is to
estimate values for the roughness length z, and for friction
velocity u, when these cannot be measured directly. The
roughness length z, is conceptually an important parameter in
the study of wind waves. However, it is difficult to measure or

Roughness Length
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Fig. 5. Comparison of &,
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even define physically. Of the four methods we considered
here, only the GLERL and Smith methods use z, explicitly;
the Kondo and Large-Pond (as interpreted by Keller et al.
{1985]) methods do not, although a value for z, can be esti-
mated [rom these methods. To examine these z, estimations in
connection with sea state studies, we follow Huang et al.
[1986] and plot z, normalized by rms wave height E!/? versus
u, normalized by peak energy wave speed c,. The results are
shown in Figure 4. The GLERL method is the only one that
shows a consistent correlation between normalized values of
z, and u,; this merely reflects the use of the Charnock relation
in that method. The Smith method uses a nonlinear function
for z, that approaches the Charnock relation at large u_. The
Kondo and Large-Pond methods do not use z, explicitly.
None of these methods show any clear correlation between
the normalized z, and u,. Since all four methods are primarily
formulated to estimate the drag coefficient C, and the friction
velocity u, under diabatic conditions, z, did not receive a
detailed treatment. The results of the correlations reflect this
effect. The exact form of the relation between z, and u, is still
an active area of research; Greenaert et al. [1986], for exam-
ple, discuss six different models for the relation.

4.2

To examine the results for u,, we apply the estimated u, to
the normalization of wind wave parameters. For a given wind
and wave field with wave spectral energy density S(f), total
wave energy E = {S(/) df, peak energy wave frequency f,,, and
fetch distance F, the following parameters have been fre-
quently used in the literature [e.g., Hasselmann et al., 1973;
Mitsuyasu et al., 1980]: e, = gE/u,?, the nondimensional
energy; v, =f,u4,/9, the nondimensional peak energy fre-
quency; and &, = gF/u,?, the nondimensional fetch. We affix a
subscript z to the parameters which are normalized directly
with measured wind speed u,.

Correlating these various parameters has led to a number of
universal power law relations that played important roles in
developing numerical wave prediction models. Hasselmann et
al. [1973, 1976], Mitsuyasu et al. {1980], and Toba [1978]
have all deduced similar empirical equations characterizing
the correlations among the parameters based on their own

u, Normalizations
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versus v, correlations. The straight liries are given by JONSWAP relations ¢ =53

x 1075y 192 and g, = 5.3 x 1075y, 7193,
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measurements. An examination of these universal correlations

was by Liu , 1985].
F 5-7 pr the three intercorrelations v versus &, ¢
versus &, and & versus v, respectively. In each figure we present
m ur u,
T ods.
P 1973,

that can be accurate at times and
This may be due to failure of the

mation of the
us at other ti

four methods of u, estimation show any particular advantage
in reducing the scatter. The scatter shown in the u, normal-
ization graphs is somewhat less than the u, normalization
graphs.

4.3, Assessments

In order to examine the correlations shown in Figures 5-7
on a quantitative basis we calculated and compared several
statistical entities relevant to the correlations. Specifically, we
sought the general relation y = cx? from our data and analyze
the results statistically. Since all the correlations are plotted
on the log-log scale, we simply let X = log(x), Y = log(y), and
a =log(c), and by fitting a straight line of the form
Y = a + bX through the data points by least squares method
we can calculate the following:

12)
(13)

standard error = [E(Y — a — bX)*/(n — 2)]'/?
percentage deviation = Z|(Y —a — bX)/Y|(100/n)

o ]
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TABLE 3. Summary of Calculated Standard Errors and Percentage Deviations for the Various
Correlations

Standard Error

Percentage Deviation

Nomalization £ VErsus v £ versus ¢ v versus & £ VErsus v g versus & v versus ¢
u, 0.384 0.578 0.133 17.24 30.27 11.98
GLERL u, 0.373 0.581 0135 6.78 11.83 4.49
Kondo u, 0.393 0.629 0.140 7.81 13.53 471
Large-Pond u, 0.408 0.655 0.141 8.44 14.08 473
Smith u, 0.364 0.540 0.130 7.17 11.52 438

where n is the total number of data points (4212 for our 1984
North Lake Michigan buoy data set). Table 3 lists the calcu-
lated standard errors and percentage deviations for each of the
15 correlations shown in Figures 5-7. A well-fitted correlation
should provide lower standard error and lower percentage
deviation.

An examination of Table 3 shows that based on the calcu-
lated standard errors alone we are still unable to make any
distinction among the various normalizations. For each of the
three correlations, ¢ versus v, & versus ¢, and v versus &, the
standard errors are virtually the same. Since it is applied to
log(x) and log(y), an average standard error of 0.4, as in the
case of ¢ versus v, indicates that the actual estimates can vary
by a factor of 2.5 from the regression line. Similarly, the
average standard errors of 0.6 (¢ versus &) and 0.135 (v versus
&) lead to variation factors of 4.0 and 1.4, respectively.

When we examine the calculated percentage deviations, we
find that there are significantly lower percentage deviations for
the u, normalizations. Among the four methods, although
there are slight variations in the percentage deviations, none
shows any particular advantage in improving the fit signifi-
cantly. In general, either the GLERL, Kondo, Large-Pond, or
Smith method can be used to provide u, as well as u,, esti-
mations for practical applications.

In the above analysis we predetermined the functional form
of y = ax® and chose the dependent and independent variables
y and x, respectively, according to the familiar JONSWAP
formulations (that is, ¢ in terms of v, ¢ in terms of &, and v in
terms of ). We also tried correlating them inversely by inter-
changing y with x as dependent variables as well as estimating
the slope coefficient in the linear relationship by the maximum
likelihood method [e.g., Kendall and Stuart, 1973]. While both
of these analyses resulted in different sets of numbers, the
implications are precisely identical to our previous dis-
cussions. Hence alternate analysis will not alter the results
presented here.

In this analysis we have used all the data available without
discriminating between cases representative of swell or wind
waves. This is mainly because there is so little swell activity in
Great Lakes waves that separation of swell cases from wind
wave cases would not improve the results significantly.

In Figure 2 the GLERL method is considerably different
from the other three methods at low wind speeds for unstable

. Ap mately 10% of t ta we in the analysis

of ble cases with speed than 5 ms™ '
However, we find there is no discernible difference due to this
effect in the results. Apparently, this divergence does not have
a significant effect on the parametric correlations.

5. CONCLUDING REMARKS

From detailed examination of the four methods used to
estimate u_ from a given u_ and air-sea temperature difference
and application of these estimates to wind-wave parametric
correlations we expected to distinguish a method which ef-
fectively reduced the scatter. We find instead that the four
methods examined are virtually indistinguishable. Because all
methods follow the same basic approach, with different but
comparable empirical formulations, this result is by no means
surprising. In practice, any of the four methods will provide
similar estimates of u,. Until further detailed wind stress and
wind profile measurements can be conducted to ascertain or
validate the empirical formulations these methods will remain
useful tools in providing wind stress, bulk transfer coefficients,
and wind profile estimations where only nfinimal input data
are available.
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Fig. 1. San Francisco Bay system and environs

SEDIMENT SUPPLY

Roughly 80 to 90% of the sediment entering the system is the product of soil erosion in the
163,000-km? inland drainage basin. The remainder comes from erosion of lands adjacent to the
Bay system. The rate of sand transport by river flows of the Central Valley is diminished in the
lower reaches of the rivers, so that the material entering San Pablo Bay is the remnant of the erod-
ed soil and consists of clay and silt minerals carried in suspension as wash load, with only a small
amount of fine sand. Most of the sediment enters with the higher winter and spring flows that re-
sult from rainfall and snowmelt.

Very large amounts of clay and silt were carried by Central Valley streams during the hy-
draulic-mining era in the Sierra Nevada, and this material remained in suspension in stream waters
until the water velocity slowed in the broad shallow expanses of Suisun and San Pablo bays. Depo-
sition in these upper bays was enhanced further by the increased salinities of these bays, which
made suspended particles cohesive, and by the waves and gentle turbulence that caused suspended
particles to collide repeatedly and form aggregates. Such aggregates have very greatly enhanced
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settling velocities. These “schlickens” created huge deposits in the upper bays and all but obliter-
ated Vallejo Bay (now Carquinez Strait) a* Martinez. Gilbert (1917) estimated the clay and silt
deposit in the upper bays from mining debris by calculating the change in water volume. He be-
lieved that mining debris was still entering the Bay system at the time of his study. and he calcu-
lated that during the period 1849 to 1914 a total of 1.146x10° yd3 was deposited. Undoubtedly
additional amounts were lost to the ocean.

Hydraulic mining was stopped in 1884. Fresh water diversions for irrigation gradually in-
creased until the early 1940’s when the Central Valley Project and the federal dams in the San
Joaquin Valley streams were built (see, for example, Gill et al. 1971). Very rapid decline in fresh
water and sediment ouiflows occurred thereafter. A program for measuring suspended sediment
outflows was initiated by the U.S. Geological Survey in 1957 (Porterfield et al. 1961), and esti-
mates of sediment production are limited to calculations using subsequent suspended solids data
and historic water outflows.

Estimates of sediment inflow to the Bay system were made by establishing a relation between
annual water flow and annual sediment production during later years (Krone 1966). Annual pro-
duction is useful because the long dry summers return the drainage system to virtually the same
condition by 1 October, the start of the “water year,” and each year’s runoff can be considered
independent of preceding years (Fig. 2). The data (Fig. 2) include those both for the San Joaquin
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Fig. 2. Relation of annual suspended sediment production to river discharge. Reproduced
from Krone (1966).

87



SAN FRANCISCO BAY

LEGEND
10 + 1960 Conditions
4 1990 Conditions
3 a © 2020 Conditions
= c A 3A‘
g ° 2.6 ¢ 108 Tons/ Yr
= GA“
- A‘
3
-
[* %)
£ 0
i
Q
o
-
<
2
z °
< a
o
00029g 6,
0.1

Q2 05 10 .20 30 40 .50 .60 .70 80 %0 35 .98

PROBABILITY: THAT SEDI NT INFLOW WILL
EXCEED INDICATED AMOUNT

Fig. 3. Annual suspended sediment inflow from the Delta to the Bay system. Reproduced
from Krone (1966).

and Sacramento rivers; the plots show that the relation indicated by the line represents both rivers
reasonably well.

This relation was applied to the historic fresh water flows, modified by the U.S. Bureau of
Reclamation (USBR) to the fresh water flows to the Buy system that would have occurred if the
facilities and demands of 1960 existed throughout the period of record. The resulting sediment
production for the wide range of flows that occurred between 1921 and 1971 is plotted on
logarithmic-probability ordinates (Fig. 3). This plot, shown by the crosses, shows a 20-fold range,
with a median annual production of 2.6 million ¢. The USBR projected water development and
water demands for the years 1990 and 2020 and appropriate water management operations are
applied to the same historic data, leading to the other two plots. These plots show that if such
plans are realized the Bay system will experience “droughts” of sediment inflow a larger and larger
fraction of the time.

The estimated annual average sediment inflows are presented in Table 1. If the bed load is
taken to be 0.065 of the total and the dry unit weight of the sediment deposit is 33 lbsft3
(Schultz 1965), the average annual volume of sediment “deposit”’ under 1960 conditions would be
10.5 mi 3 wh lose to Sch (1965)e a f11.1 yd3,

D on water dive s are lac , the pr s shown for 1990 and
2020 are subject to decisions between competing political pressures for fresh water diversion and
Bay system water quality. Figure 3 does show, however, the drastic reductions in sediment inflow
to the Bay system that would result from future diversions planned by USBR in 1966.
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TABLE 1. ESTIMATED ANNUAL AVERAGE SUSPENDED SEDIMENT
PRODUCTIONS (105 ¢-yr! )2

Sediment Source Stream Conditions
1960 1990 2020
Sediment supplied to the Delta 3.75 342 3.34
Sediment from the Delta to 3.35 1.79 1.22

San Francisco Bay system

Sediment from local streams to:b
Suisun Bay 0.23 0.23 0.23
San Pablo Bay 0.29 0.29 0.29
San Francisco Bay 0.51 0.51 0.51
Total sediment to Bay system 4.38 2.82 2.25

3.0t (common short ton) = 0.907¢ (metric tonnes)

bFrom Smith (1965, Table 5). 1957 to 1959 values, measured and estimated, are data of Porterfield
etal. (1961).

SEDIMENT CIRCULATIONS

The fine cohesive particles that comprise most of the material are transported in suspension.
Their transport throughout the system is determined by the water movements, and by the local
hydraulic conditions that facilitate deposition, erosion, and aggregation. The water movements in
the Bay system are exceedingly complex and are very strongly affected by fresh water flows, the
distribution of salinity, and wind stresses. A description of the general character of water move-
ments will serve to explain sediment movements, however.

The Bay system consists of a number of broad shallow bays interconnected by narrow open-
ings (Fig. 1). The western part of North San Francisco Bay and the narrow opening to the Pacific
Ocean (Golden Gate) are quite deep, however, and water Jepths are maintained by the strong tidal
currents. The large surface areas of the bays, combined with the restricted connections, cause
progressive delays in the tides with distance from the ocean and relatively deeper channels at the
narrow openings. The system is resonant to the tides, with the result that the mean range of the
tide at the southern tip of South Bay is 2.2 m, 1.0 m greater than the mean ocean tide range of 1.2
m at the Golden Gate (U. S. Army Corps of Engineers 1961). This resonance causes north-south
tidal currents in the central portion of the Bay system that is out of phase with flows through the
Golden Gate, with the result that there is circulation between San Pablo Bay and South San Fran-
cisco Bay.

Fresh water outflows from Central Valley drainage superimpose another circulation system
on the oscillatory tidal flows. More dense ocean waters tend to move upstream under the seaward
flowing fresh waters (see also Conomos 1979). The oscillatory flows that result from tidal motion,
combined with irregularities of the bed, cause vertical mixing with the result that there is an oscil-
latory but net landward movement of saline water near the bed, and this water dilutes fresh sea-
ward flowing water above. The location and length of this mixing zone depend strongly on the
fresh water flow and the flow history (McCulloch et at. 1970; Peterson et al. 1975; Imberger et al.
1977; Conomos 1979). During extremely large discharges the mixing zone extends out into the
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Pacific Ocean. More commonly during winter flows the mixing zone extends from the Golden
Gate to Carquinez Strait. As winter fresh water tflows decrease the mixing zone moves landward,
and during typical summer flows during the period 1943 to 1970, the mixing zone extended from
mid San Pablo Bay to Antioch.

South San Francisco Bay is also strongly affected by high fresh water flows, with fresh water
“lenses” developing during high flows (McCulloch et al. 1970; Imberger et al. 1977; Conomos
1979).

Winds affect water circulations, particularly in the broad bays where the fetch is appreciable.
The winds of greatest importance appear to be the daily onshore breezes that blow from the ocean
to the hot Central Valley during spring and summer. These winds also generate waves in the shal-
low bays every day during these months (see also Conomos 1979).

There is strong evidence that large amounts of sediment are deposited in Suisun and San
Pablo bays during winter runoff (U. S. Army Corps of Engineers 1977). Waves that appear daily
on the bays suspend this material and hold it in suspension while slow tidal currents transport
the material to channels (Einstein and Krone 1961). During flood tides this material moves
upstream through Carquinez Strait, and because the particles aggregate rapidly at the high sus-
pended sediment concentrations that prevail, the aggregates tend to settle and there is a higher
concentration near the bed (Arthur and Ball 1979). These particles move upstream with the net
upstream flow near the bed, mixing vertically upward with the more saline waters. Aggregates
whose settling velocities approximate or exceed the upward velocity of the more saline waters
accumulate in the mixing zone and cause the well-known ‘“‘turbidity maximum” there (Conomos
and Peterson 1977).

Little deposition occurs in this mixing zone now because the large tidal prisms of Suisun,
Grizzly, and San Pablo bays, combined with the narrow channels, cause high velocity currents that
keep the channels scoured to their self-maintained depths. An attempt to cut an 11-m deep ap-
proach basin for a wharf at Benicia, however, resulted in the formation of a 5-m deep deposit in
three months. Large amounts of sediment are in motion there.

Material suspended by waves in San Pablo Bay continually feeds this net upstream flow. The
vertical density gradient in the mixing zone causes the velocity profile there fo have exceptional
velocity gradients. These gradients promote the collision of suspended particles and thereby
promotes their aggregation (Krone 1972). Particles and aggregates from San Pablo Bay mix upward
with riverborne dispersed particles and “‘scavenge” themn. Algae are also scavenged this way.
Aggregates carried seaward in the upper portions of the flow settle as the tidal current slows in
San Pablo Bay, to either be carried back upstream for another cycle or to circulate further in San
Pablo Bay.

Suspension of deposited material by waves is a process that has several important aspects.
For a given wave, the maximum bed shear stress is very sensitive to water depth and is proportion-
al to the square of the maximum near-bed orbital velocity, u?nax’
u?nax = [aH/(Tsinh-2wh/L)]?, approximately

where H is the wave height, T is the wave period, L is the wave length, and A is the water depth
(Komar and Miller 1973). Since 1/(sink-2mh/L) falls off very rapidly with depth, and its square
falls even faster, it is evident that the applied stress is sensitive to depth. The suspending force is
periodic, and upward diffusion is weak. The result is that fine particles are winnowed from coarser
particles, so that over a period of time when suspended material is transported away by tidal
currents, the remaining material is coarser than the original deposit. The applied shear stress must
exceed the shear strength of the deposit before there is any suspension (Alishahi and Krone 1964).
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f n is shown by the data of Storrs et al. (1
e b g the summer and fall than it was after the
A r tent of fine sand and silt is found in wind-swept

shallow parts of San Pablo Bay. Below this armor, which can support a person, reside large depths
of the mud from hydraulic mining.

0
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Fig. 4. Surface sediment particle-size distribution, Sun Pablo Bay, August 1961-June 1962.
Data from Storrs et al. 1963. Numbers refer to Sanitary Engineering Research Laboratory (SERL)
sampling stations.

Material suspended in San Pablo Bay and carried southward with tidal currents contains
less fine sand and is easily carried with tidal currents as they circulate throughout the system.
Suspended material settles wherever the water is quiet, such as in shallow areas at night when
the wind dies, or in navigation facilities. Where subsequent wave action or tidal currents are
insufficient to resuspend deposited material, it accumulates. Material from San Pablo Bay
may deposit and be resuspended many times as it circulates and finds its way to a resting place
or is carried to sea, progressively becoming finer-grained and more easily transported. Marsh
areas now diked off once accumulated this fine material and probably reduced the loss to the
ocean.

The scenario is repeated in miniature for each of the streams tributary to the bays, and areas
of sandy material can be found near their mouths and near eroding banks. Bay waters are muddy
during periods of high runoff and progressively become clearer during each year as the quantity
remaining in suspension diminishes.
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LONGER-TERM SEDIMENT DEPOSITION

The surface of the oceans is rising at an approximate rate of 0.2 m-century™! (Fig. 5). If
there were no deposition of sediment, the bays would continually deepen. Alternately. it deposi-
tion is so rapid that the water depths become shallow, wave action erodes the new deposit down

.20
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(K]
1817-18 staft of 16061  at Presidie,
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Fig. 5. Yearly mean sea level changes at San Francisco, California, 1860-1970. Data from
National Ocean Survey.

to a depth where wave erosion compensates deposition, assuming no armoring by coarse material.
When the supply of sediment inflow is adequate, therefore, water depths would tend to remain
constant, and the rate of deposition would follow sea level rise. When the sediment supply is inade-
quate, the water depths would increase.

Smith (1965) reported calculations made by the U. S. Army Corps of Engineers that used
averages of water depths over 1/8-min quadrangles. Averages for successive bathymetric surveys
were compared to obtain changes in water depths with no allowance made for sea level rise. Tables
2 and 3 were constructed from Smith’s data using linear interpolation where necessary to deter-
mine the changes over comparable time periods. The tables are arranged with areas in their geo-
graphical sequence from the Delta southwestward through the system. A pattern of deposition
becomes apparent from the data in Table 2 when the accumulation or loss during successive
periods is compared for successive bays. Suisun and Grizzly bays filled during the first periods and
lost relatively small amounts during the second and third periods. San Pablo Bay accumulated a
large amount during the first period when hydraulic mining provided a supply and successively
smaller amounts during the next two periods. North San Francisco Bay showed negligible accumu-
lation during the first period and markedly increasing amounts during the later periods. South San
Francisco Bay showed deepening water during all three periods.

The rise in sea level was evidently sufficiently rapid prior to 1870 so that the sediment ac-
cumulation rate in most of the system was not sufficient to compensate the increase in water vol-
ume due to sea level rise. The very large amount of finer-grained material produced by hydraulic
mining and by poor agricultural practices caused very rapid deposition in Grizzly, Suisun, and San
Pablo bays. The erosion in Suisun and Grizzly bays shown to occur during the subsequent two pe-
riods indicates that the rate of supply during the first period exceeded the transport capacity of
waves and currents. In fact, erosion during the second and third periods indicates that some of the
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TABLE 2. APPARENT SEDIMENT ACCUMULATION (108yas? N

Area 1870-1896 1897-1922  1923-1950
(27 years) (26 years) (28 years)
Suisun & Grizzly Bays & 64.3 -17.2 4.7
Carquinez Strait
San Pablo Bay 181.3 60.2 17.4
North San Francisco Bay 0.66 67.4 106.4

South San Francisco Bay -36.1 51.1 -55.0

:)Data from Smith (1965)
1.0yd? = 0.76m?

material deposited during the first period was transported toward San Pablo Bay in addition to the
river-borne material that entered during these later periods. As this material eroded under wave ac-
tion, the finer-grained fraction was washed out, and the bed became progressively more resistant to
erosion. The water depths in Grizzly and Suisun bays probably now are approaching values that
can be expected to remain constant unless the supply of sediment is stopped.

San Pablo Bay continued to accumulate sediment during the second and third periods, but at

decreasing rates.
North San Francisco Bay did not receive much material during the period of hydraulic min-

w in

he t ci-

pe r gh

the upper bays until it found a anent restin re-

tation is strengthened by the pr ation of ave in
Table 3.

The average annual loss in water volume (the rent ent a te) for the

total of Suisun, Grizzly, San Pablo, and North San isco s4.2 ! for both

second and third periods.

The figures for South San Francisco Bay in Tables 2 and 3 are strikingly different: the
water volume increased during all three periods. The average annual rate of sea level rise was
used to calculate the annual change in water volume. As shown in Table 3, the observed increase
in r volume exceeded due to sea level rise du all three p s. ring the un-
cer ies in the determin of sea level in the earlie thymetric ys e concluded
that there were comparable rates of slow erosion in South San Francisco Bay during all three

periods. aulic min di accumulations in the open water areas of South
San Fra Bay, nor ial al Valley appear to be accumulating there even in
1950.

The data in Tables 2 and 3 are temporal and spatial averages. While they are valuable for the

is above, they not suitable for descriptions of local areas. Sed can move a-

w each of the a used in Tables 2 and 3 without affecting the a . Smith’s re-
port the local ch in 1/8 min esb en bathymetric surveys. r, the
data preclude the ment of fin into back out of South San F o Bay
each year. All present evidence indicates that annual of Ce y se nts do in
fact enter South San Francisco Bay under preient co Only mat clay and

silt, remains in the suspended load, however, and deposits are stable only in areas protected from
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.AVE ANNUAL SEDIMENT
ULAT ATES (108yds3 -yr!)?
Area 1897-1922 1923-1950
(26 years) (28 years)
Suisun & Grizzly Bays & -0.66 -0.17
Carquinez Straits
San Pablo Bay 2.31 0.62
North San Francisco Bay 2.59 3.80
Loss of Water Volume 4.2 425
Volume of Sealevel Rise 1.29 1.29
TOTAL 5.5 5.5
South San Francisco Bay
Loss of Water Volume -1.96 -1.96
Volume of Sealevel Rise 1.07 1.07
TOTAL -0.91 -0.91
2 Calculated from data in Table 2.
ller portion of the fin  aine me trans-
the hydraulic-mining bec he ciency
If the 0 condition data 3)canbec red with ata for 3 to 1950 in Table
3, it is poss to calculate a s ent balance shows th rage bu  t (Fig. 6). The 5.5

million yd? deposited in the upper bays is assumed to have come entirely from inflow. The in-
crease in water depths in South San Francisco Bay, which would result largely from erosion of

fine- ed material would be d to the ocean or to marsh areas, is assumed not to
cont ed to deposi in the nor bays.
SUSPE DED SEDIME T 1. AVE
o NET DELTA OUTFLOW
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[ A ]
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SEDIME TS

Fig. 6. Average annual San Francisco Bay sediment deposition budget. Values in millions of
cubic yards of deposit
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KRONE: SEDIMENTATION

FUTURE CHANGES

Projected fresh water diversions indicate that future supplies of suspended sediment to the
Bay system will be less than historic supplies and will vary over a much wider range. At present,
the Bay system steadily removes fine suspended material during each year following the winter and
spring runoffs. If less sediment is supplied as the result of increased water diversion, Bay system
waters will clear. Several successive years of very low flows will surely result in greatly reduced sus-
pended sediment concentrations in Bay waters and reduced turbidity. The ample nutrient levels in
Bay waters, particularly with low fresh water flows, will promote growth of algae to objectionable
levels.

The clay minerals sorb toxic materials from waste discharges and thereby remove such mate-
rials from the water column. The sorbed materials are removed from the water column when the
sediments are removed from suspension and thereby provide an assimilative capacity for such un-
desirable substances. If significant reductions of sediment inflows are to be made, either waste dis-
charges into the Bay system will have to be greatly modified or water quality will deteriorate.

We have not acquired the necessary field data nor made quantitative calculations that show
the effects of changing fresh water and sediment flows to the Bay system on the quality of Bay
waters. Decisions on water diversions are being made without such information. Detailed descrip-
tions of the water and sediment transport are needed in order to predict the effects of various
fresh water and sediment outflows on the Bay system.

New bathymetric surveys will be made in a few years. These data, combined with continuing
measurements of suspended sediments, should enable more precise descriptions of trends in sedi-
ment accumulation in the Bay system.
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Density, Volume Fraction, Particulate Concentration Pelations

for Aggregates of Solid Cohesive Particles

In the following relations it is assumed that the densities of
the suspended particles and of the fluid medium do not change with
particle association. These assumptions are not always true, but the
importance of these assumptions can be judged by the surface properties
of the solids. The assumptions consider that the boundary between the

solid and the fluid is sharply defined at the particle surface.

Symbols c.g.s. Units
m mass, grams
/
V  volume, cubic centimeters
p density grams/cubic centimeter
¢ volume fraction, volume of particles or aggregates/
volume of suspension
¢ weight concentration grams particles/cubic centimeters
of solid particles, of suspension
f porosity = (1 - ¢p)
1-4¢
e void ratio =
%

Subscripts
1 fluid (1iquid)
s suspension
p primary solid particle

a aggregate

The subscripts will occasionally be used in combinations such as

m for mass of "aggregate liquid," or mass of liquid included in

al



between aggregated particles.

Note that these quantities are interrelated as follows:

m. = p.V, (a) ¢p = Vp/VS (1)
mp = cVS (b) ¢, = Va/vs
¢, = ¢/p, (c)
(1-9)
f = -

- O -
(1 ¢p) € 3

Suspensions of Aggregated or Dispersed Particles

From the basic assumptions,
(ﬁ; =m +my (2)
- (3)
1!} Vp + V]

Substituting the appropriate m/p for each term in Equation 3 and

eliminating m between Equations 2 and 3 leads to

Pe =Py =0 (p_-pq) . -/4( (4)
s 1 A §Z§ :-// Fr
| 0
Equation 4 is useful for finding ¢p
Substituting Equation 1c in 4 gives

P =<§i>(dp - 07) + 04 (5)

which is useful for finding Ps from c¢ .



Suspensions of Aggregqates

From Equation la and the basic assumptions,

Py = P al
oV
as
Also, as in Equation 3,
m m
al . ’p _ oV
! pp as

Eliminating m 1

m_ leads to
p

=1 c -
Py = s o (pp Pl * oy s
_ ¢
or Py = 35 (pp - pp) Py

Equation 8 parallels Equation 5. Substituting Equation 5 into 8 gives

=1 -
Py = i (pg p]) * 0

It is occasionally desirable to calculate the fraction of: solids

f, by weight, Combining Equation la, 2, and 3 leads to

from Equations 6 and 7 and substituting cVS for

(6)

(7)

(8)

(8a)

(9)

(10)



WAL

Dolpet? Mac fth<"

LANDSLIDES AND DEBRIS FLOWS

Landslides occur in virtually every country in the world, and they
have a variety of causes: heavy rains, melting snow or ice,
earthquakes, volcanoes, and human activities. Landslides often
extend beyond the bounds of a single state or country, burying homes
and other structures and disrupting transport and the delivery of
emergency services.

Notable landslides of the recent past include the Reventador,
Ecuador, Tlandslides of March 1987. A magnitude 6.9 earthquake
following a month of heavy rains precipitated landslides scouring the
slopes of Mount Reventador. Early estimates show 1,000 dead and
4,000 missing. In addition, the event ruptured the trans-Ecuador oil
pipeline--the nation’s prime economic asset--causing an approximate
$1.5 billion loss. In 1962 and 1970, disastrous slides plunged from
the slopes of Mount Huascaran in Peru. In the 1970 event, caused by
a 7.8 magnitude earthquake, nearly 20,000 died as mudflows buried the
nearby towns of Yungay and Ranrahirca. In the United States, the
April 1983 thaw of a heavy snow pack precipitated a Tandslide near
Thistle, Utah, which caused more than $200 million in direct losses,
cutting two major highways and a transcontinental rail Tlink and
damming the Spanish Fork River.

Landsliding in the United States causes at least $1-2 billion in
economic losses and the 25-50 deaths each year. Despite a growing
understanding of the geology of landslides and a rapidly developing
engineering capability for landslide control, losses continue to
increase. This rise is largely a consequence of residential and
commercial development that continues to expand onto the steeply
sloping or unstable terrain that is most prone to landslides.

There are methods for mitigating landslide losses. Land use
management, building and grading codes, the use of ‘well-designed
engineering techniques for landslide control and stabilization, the
timely issuance of emergency warnings, and the availability of
landslide insurance can significantly reduce the catastrophic effects
of landslides. Though some techniques for predicting landslides have
been developed, research in this are is insufficient. For example,
recurrence interval techniques and other temporal descriptions of
risk are essentially unexplored. Some research has been carried out
on the use of early warning systems to alert the public to individual
local landslides, and there have been a few successful demonstra-
tions. But there has never been extensive implementation of an early
warning system in any country.

Successful and cost-effective landslide mitigation programs can be
jmplemented, and such programs do exist (Japan, for example). Though
there have been some impressive local demonstrations of Tlandslide
control in other countries, information about them has not been
widely disseminated.
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Selected* Natural Disasters of This Century

Approximate

Year Event Location Death Toll

1900 Hurricane USA 6,000
1902 Volcanic Eruption Marrtnique 29,000
1902  Volcanic Eruption Guatemala 6.000
1906  Typhoon Hong Kong 10,000
1906 Earthquake Taiwan 6,000
1906 Earthquake/Fire USA 1,500
1908 Earthquake Italy 75,000
1911  Volcanic Eruption Philippines 1,300
1915 Earthquake fealy 30,000
1916 Landslide Italy, Austria 10,000
1919  Volcanic Eruprion Indonesia 5,200
1920 Earthquake/Landslide China 200,000
1923 Earthquake/Fire Japan 143,000
1928 Hurricane/Flood USA 2,000
1930  Volcanic Eruption Indonesia 1,400
1932  Earthquake China 70,000
1933  Tsunami Japan 3,000
1935 Earthquake India 60,000
1938 Hurricane USA 600
1939  Earthquake/Tsunami Chile 30,000
1945  Floods/Landslides Japan 1,200
1946  Tsunami Japan 1,400
1948  Earthquake USSR 100,000
1949  Floods China 57,000
1949 Earthquake/Landslide ~ USSR 12,000-20,000
1951 Volcanic Eruption Papua New Guinea 2,900
1953 Floods North Sea coast (Europe) 1,800
1954  Landslide Austria 200
1954  Floods China 40,000
1959  Typhoon Japan 4,600
1960 Earthquake Morocco 12,000
1961  Typhoon Hong Kong 400
1962 Landslide Peru 4,000-5,000
1962 Earthquake Iran 12,000
1963  Tropical Cyclone Bangladesh 22,000
1963 Volcanic Eruption Indonesia 1,200
1963 Landslide Italy 2,000
1965  Tropical Cyclone Bangladesh 17,000
1965  Tropical Cyclone Bangladesh 30,000
1965  Tiopical Cyclone Bangladesh 10,000
1968 Earthquake Iran 12,000
1970 Earthquake/Landslide ~ Peru 70,000
1970  Tropical Cyclone Bangladesh 300,000-500,000
1971 Tropical Cyclone India 10,000-25,000
1976  Earthquake China 250,000
1976  Earthquake Guatemala 24,000
1976  Earthquake lealy 900
1977  Tropical Cyclone India 20,000
1978  Earthquake Iran 25,000
1982 Volcanic Erupdon Mexico 1,700
1985  Tropical Cyclone Bangladesh 10,000
1985 Earthquake Mexico 10,000
1985  Volcanic Eruption Colombia 22,000
1987  Wildfire China 200

* Disasters selected to represent global vulnerability to rapid-onset natural disasters.

SOURCES: Compiled from (a) Office of U

.S. Foreign Disaster Assistance (1987); (b) National

,,,,,, .t Bl Tmermmire (Taman) perconal
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THE STORM OF JANUARY 3-5, 1982, IN THE SAN FRANCISCO BAY REGION, CALIFORNIA

INTENSITY, IN MILLIMETERS PER HOUR

INTENSITY, IN MILLIMETERS PER HOUR
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FIGURE 5.11.—Relations among rainfall intensity-duration from records of 22 storms in the study area from
data listed in table 5.3. A, Values from storms that occurred after a prestorm seasonal threshold of 280 mm

(11 in.). Solid line represents. intensity-duration threshold that delineates storm-rainfall conditions which
resulted in debris flows; line is dashed where threshold is less certain. B, Values from storms
that occurred before a prestorm rainfall of 280 mm (11 in.) had been reached. Threshold line from figure
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Figure 5. Process of rill formation over water-repellent soil layer. A, Water enters soil and encounters
water-repellent layer; pores fill and pore pressures build up. B, Soil liquifies above water-repellent layer,
causing small onslope failure that slides downslope, creating small onslope debris flow. C, Rill formed
by small debris flow fills with water that then moves rapidly downslope.



TABLE 1 N

Annual Rainfall, Runoff, and Sediment Delivery from a 0.008 Hectare Plot
on the San Dimas Experimental Forest (Data from Wells, 1981)

Fern Canyon Plots

1 Sediment
Year Rainfall Runot{ Delivery
{mm) {mm) {% raintall) (m’lkmzlyr)
1935-36 635 8 1.8
1936-37 1120 10 1.0
1937-38 133 8 0.6
Fern Canyon plots burned on November 18, 1938
1938-39 559 36 6.4 1907
1939-40 820 15 19 231
194041 14563 15 1.0 69
194142 %95 1 0.2 1
1942-43 1359 5 0.5 1
1943-b4 1029 25 1.0 1
194445 902 5 0.2 1
194546 762 10 0.4 1
Ywater year. Begins October 1 and runs to September 30.
TABLE 2
Measured Effects of Fire Heating on Graln Size
Distributions for Two Typical Soils
(After Wells, 1921)
Pine Canyon Soll Johnstone Peak Soil
Temperature Sand Silt Clay Sand Silt Clay
(% by weight)
Unheated 61.4 26.6 12.0 33.0 43.4 18.6
400°C €8.4 303 13 437 51.0 53
600°C 727 263 0.5 607 516 7.7

300°C 7.0 230 0.0 645 508 47
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A METHOD FOR SIMULATING HISTORIC MARSH ELEVATIONS
R. B. Krone*
Abstract

A method for simulating the historical marsh elevations is presented that
utilizes historical mean tides, a dated core sample, and recently measured marsh
surface elevations. Simulation of a marsh on the edge of South San Francisco
Bay is presented to illustrate the method. This simulation showed that changes
in the rate of sea level rise affects the elevation of a marsh relative to the mean
high water datum,

Introduction

Historical elevations of tidal marshes are useful for the determination of land
boundaries of reclaimed marsh lands, for evaluating marsh soil profiles, and for
estimating the loss of suspended sediment from estuaries to adjacent marsh-
iands. Waterward land boundaries are commonly determined at the “ordinary
high water mark" that existed at some time prior to diking or other physical
alteration or that might exist if the marsh had not been diked. This boundary is
located where the elevation of the land intersected the ordinary high water
datum, which is usually interpreted as the elevation of mean high water (MHW).
Both the elevation of mean high water and that of a tidal marsh change with
rising sea level. Pertinent questions are, "Is there a consistent relation
between the elevation of a marsh and the mean high water datum?" ™f so, is
the marsh above or below this datum?" Simulation of historic marsh elevations
can answer these questions and can provide valuable support for the interpreta-
tion of marsh soil profiles. Marshes in South San Francisco Bay are used in this
paper to illustrate a method of simulating historical marsh elevations.

Sea level has been rising for thousands of years (1). Tidal marshes have
developed along the margins of estuaries as the result of sea level rise,
sedimentation, and the growth of marsh plants., A brief description of the
process of marsh growth now is useful for presenting its simulation later.

\The ele s of ual mean sea levels at the n in
Bayds pres inF el. This figure shows th u in
occur from year to year, as well as different rates of rise that have occurred

during the period of record. Variations in rates of sea level rise have been
observed on both the east and west coasts of the United States (4). These

*Department of Civil Engineering, University of California, Davis, CA 95616
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variations are due to melting 6f polar ice fields, warming of the oceans, rise and
fall of the land as lithospheric plates grind against each other, and possibly to
changing weight of the melting ice caps (3). Rising sea level has filled coastal
valleys, and sediments carried by land drainage have deposited in these valleys
to various extent as determined by local transport conditions., Deposition near
shore is often favored by protection from wind and partial stabilization of
deposits by dessication while they are exposed during low tides. The annuai
fluctuations shown in Figure 1 provide times when these mud flats are more
exposed than otherwise, and inundation tolerant plants, such as Spartina, can
become established. These plants greatly enhance the rate of deposition of the
clay and silt particles that comprise marsh soils and protect deposited particles
from subsequent erosion by wind generated waves.

Two outstanding aspects of tidal marshes are the sinuous dendritic patterns
of drainage channels and the very small variation in marsh surface elevation.
Drainage channels in a protomarsh are typically perpendicular to the shore (6).
As the marsh surface elevation rises and the marsh invades the land, however,
these channels erode headward toward the lowest elevation, where drainage is
concentrated. Elevations of the marsh immediately adjacent to the channel
edges tend to accumulate sediment at a slightly higher rate because the most
rapid deposition occurs as sediment-laden water overflows the channe! banks
during rising tides (7). Extension of the channels headward toward lowest
elevations brings the channels into areas that previously had lower sedimentation
rates. The result of these processes is a marsh surface that is uniformly
irrigated and drained and that has a remarkably uniform elevation. Thompson (8)
found that, except for channels, the elevation of Bird Island in South San
Francisco Bay and a marsh island in South Bay had geometric standard deviations
of 1.079 and 1.151, in¢luding their margins. (1.000 is uniform.)

This description of marsh evolution is supported by the plant material found
at depth in cores (2), by the vertical walls of marsh channels, and by the very
uniform elevation of marsh surfaces.

The elevation of the marsh rises after plants become established at rates
that depend on the availability of suspended sediment and the depth and periods
of inundation by high tides. As the elevation of the marsh rises relative to sea
level, however, the frequency and duration of inundation diminishes and the rate
of sediment accumulation falls. On the other hand, rising sea level tends to
increase the frequency and periods of inundation, increasing the rate of marsh
rise. Because of these compensating processes, a steady rate of sea level rise
and unchanging average suspended sediment concentrations would lead to a
constant marsh elevation relative to a sea level datum. Under these conditions
the historical relative elevation could be determined by measuring present
elevations. Figure 1 shows, however, that the rate of sea level rise has changed
over the period of record, and estimation of the elevation of the marsh at various
historical times requires a quantitative simulation.

The method of simulation described here includes calculation of the amount

3 R. B. Krone



of material that deposits during each period of inundation by ® high tide and
summing the amount of deposit over the period of record. The uniformity of
marsh surface elevation indicates that a calculation of the mean elevation would
be useful, so the computation is limited to the vertical dimension. A mass
balance of suspended sediment over a unit area of marsh during flooding leads to:

(Y, - Y) dC/dt = - w_ C + (Cy - C) dY, /dt (1)
Cy = C, during rising tide, dY_/dt >0

C, = C otherwise, de/dt <0

Y and Y __ are the ele ons o s e
ded sediment concentra y L is n y
d par s, and CO is the e n
ers., first term is the change in mass of suspended particles per

unit area of marsh, the second is the flux of particles to the marsh surface, and
the third is the change in concentration of suspended particles due to the addition
of sediment-laden water during rising tide. Equation (1) assumes that all of the
material that settles to the bed remains there. Hydraulic resistance to flow by
the plants and the flat terrane both lead to the conclusion that there is very little
shear stress on the marsh surface.

Krone (5) found that for suspensions of cohesive estuarial sediment particles
in waters having low velocity gradients, and after aggregation of the suspended
particles had progressed to the point where further aggregation is slow, the
median settling velocity by weight can be closely described by

w =A l'_‘f‘/3 (2)

e A is 110 for Wg in centimeters per second and C in grams per cubic
meter.

The deposition during a period of flooding by a high tide is

8Yp [wecatic 3)
Z
where C_ is the of solids per c centimeter of m "dry density
of the inorganic ial." In this mple, the rise of h surface is

calculated from the deposition of suspended solids with the assumption that the
organic matter content is constant with depth. Pestrong (6) found an average
dry density of Salicornia marsh in the region to be 0.671 g/cu ecm with an organic
matter content of 16.4 percent. The dry density of inorganic solids is therefore
0.561 g/cu cm.

Thq solution of equation (1) over the time of interest requires the elevations
of high tides over that period. In this example, the amplitudes of high tides

4 R. B. Krone



relative to mean tide level at the San Mateo Bridge in South San Francisco Bay
for the year 1981 were used, and the elevations of annual mean tides shown in
Figure 1, adjusted for the difference in elevation between the staff and mean
tide level at San Mateo, were used to obtain historic mean tide levels at San
Mateo. The tides were represented as sine curves for the short periods of
inundation. A period of 12.41 hours was used.

This location was selected because average marsh elevations of 3.58 and 3.60
ft NGVD were determined at nearby Bird Island in 1973 and 1976, respectively,
and the date of a core segment at 4.0 ft below the surface, taken in 1974, was
found to be year 1454 plus or minus 90 years (2). While these are sparse data,
they serve to illustrate the usefulness of such measurements for simulating
marsh elevations. .

o4

Integration  eguation (1) was calculated by first calculating C at a half step
forward in t to obtain a trial value of C for computa of W by equation
(2), followed a full step forward from the starting time g that value of w_.
The initial value of C and the value of C at the end of this full step were then

a to obtain a final value of w equation (2), and the initial full step

ated to obtain a trial valu of C for the next step. Thereafter
alternating full steps from previously determined values of C were used to obtain

essively trial and rage of C for tion of W Equation (3)

integrated over e inun tide by s the r¥ise in elevation for
each At/2. This explicit method is very stable, and no significant benefit was
observed for time steps less than 600 seconds.

The two unknowns needed for integration of equation (1) are the initial marsh
elevation and the suspended sediment concentration in the flooding water.
These were obtained by the following arguments. The rate of sea level rise
during the period 1920 to 1982 appears to be linear. A least squares fit of these
data showed a slope of 7.4164 E-3 ft/yr and a root mean square deviation (RMSD)
of 0.101 ft: a straight line fits these data well. The difference between the
elevation of the mean tide level at San Mateo calculated from this curve and the
elevation of the marsh in 1976 was 3.00 ft. The elevation of the marsh in 1930
was calculated to be the same distance above mean tide level at that time, and
the marsh rise was simulated using observed annual mean tides and trial values

of C0 until rved elevations in 1973 and 1976 were re uced.

suspended concentration was 1.20 E-4 g/cu cm. "effe )

continuous concentration” is well within observed concentrations Mgt Fhs
&’..7’ vi .

Extrapolation of this best fit line to 1454, assuming that the marsh elevation
was the same distance above mean tide level, showed that the marsh surface
would be 7.4164 E-3 * 520, or 3.84 ft below the present surface -- well within the
errors of the dating. Evidently, the steady rate of sea level rise since 1920 is
the norm, and the deviations between 1855 and 1920 were transient disturbances.

The period 1855 to 1880 fit a straight line with a RMSD value of .003 ft,
Extrapolation of this line to intersect with the 1920 to 1982 line showed that it

5 R. B, Krone



would intersect in 1803. The initial marsh elevation was then set at the same
elevation above mean tide level in 1803 as now occurs, and the elevation of the
marsh was simulated from that time on using linear rise to 1855, then observed
mean sea levels from 1855 to 1976. The 52 year period before 1855 is long
enough that the assumed initial elevation has little effect. Computation of the
suspended sediment concentration that would give the observed marsh elevations
in 1973 and 1976 yielded 1.12 E-4 g/cu cm. This concentration is not greatly
different from the 1.20 E-4 g/cu cm calculated for the rise from 1930 to 1976,
and leads to the conclusion that the average suspended sediment concentration
did not vary significantly during that period.

The calculated marsh elevations during the period 1855 to 1980 are plotted in
Figure 2. An extrapolation of a least square fit of the marsh elevations from
1930 to 1980 is also shown in Figure 2 for comparison., This figure shows that
the marsh rose at a higher rate from 1855 to about 1885, while sea level was
rising steeply, that the marsh was higher than the extrapolated line from about
1895 to 1920 when sea level fell slightly and began to resume its normal rise,
then established a steady rate of rise after the rate of sea level rise became
stable. The differences between the elevations of the marsh and that of mean
high water are plotted at the bottom of Figure 2. This plot shows that the marsh
surface tended to be below MHW during the steep rise in sea level, rose above it
during the 1885 to 1920 hiatus, then tended to remain slightly above MHW from
then on.

Refinements to this simulation can include measurements of marsh density
and organic matter content profiles from cores, obtaining actual high tide
elevations over the period of concern, and dating of additional cores. The
inclusion of these data in the simulation is straight forward. The exercise
shown here illustrates the method and shows the effects of the rate of sea level
rise on elevations of a marsh surface relative to mean high water. It also points
out the problems associated with determining initial marsh elevations and
effective suspended sediment concentrations. Profiles of marsh densities and
ages would reduce these problems.

Conclusions

The method of simulating marsh rise presented here is a straight forward
computation of sediment accumulation. The major difficulties are the acquisi-
tion of the needed data on tides and marsh soil properties. Simulation of rising
marsh levels under the conditions in South San Francisco Bay showed that the
elevation of a marsh surface relative to mean high water depends on the rate of
sea level rise, and only attains a steady relative elevation after the the rate of
sea level rise becomes constant.

6 R. B. Krone
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A New Evaluation of the Wind Stress
Coefficient Over Water Surfaces

J. AMOROCHO AND J. J. DEVRIES

Departments of Civil Engineering and Land, Air and Water Resources
University of California, Davis, California 95616

An analysis of data from numerous investigators, as well as information obtained directly by the au-
thors, indicates that a large portion of the difficulties encountered in the past in establishing a relation-
ship between the wind stress coefficient C,, and the wind velocity U «: . be attributed to computation-
ally induced scatter of the data points. However, plots of the shear velocity ue against U, reveal clear
trends which show that three regions exist in the development of the wind shear stress: (1) a lower region
in which the wind waves have not begun to break, and for which C\o is approximalely constant; (2) a
transitional region, after the onset of breakers, for which C,q varies nonlinearly with U},; and (3) a limit-
ing region for which C,, tends again toward a constant value, and corresponds to a condition of breaker
saturation. A single general equation to express C, as a function of U, is proposed, which agrees with
the above findings. It is shown that in contrast with the perception of previous investigators, Charmock's
coefficient « = zo8/us? where z; is the roughness length and g is the acceleration due to gravity, is not
constant anywhere in the range of wind velocities 0 < U, < 40 m/s. Finally, the data indicate that the

JANUARY 20, 1980

wind flow boundary in each one of the three regions

ribed above can be classified as having ‘low

roughness,” ‘transitional,’ and ‘high roughness,” res cti

INTRODUCTION

For the past 100 years or so, numerous investigators have
carried out measurements of wind shear over water surfaces,
both in the laboratory and at sea. A large volume of data has
been collected, but no concensus has been reached yet on its
interpretation. In particular, a variety of opinions has arisen
with respect to the ‘wind stress,’ ‘wind shear,’ or ‘surface drag’
coefficient C, as it has been variously termed. Some recent
workers [e.g., SethuRaman and Raynor, 1975; Kitaygorodskiy,
1973; Pond et al., 1971; Ruggles, 1970] maintain that C, does
not vary with wind speed; others [e.g., Sheppard et al., 1972;
Davidson, 1974; Wu, 1969, 1972; Garratt, 1977, Melville, 1977]
have presented data supporting the notion that it does. The
values of C, have been disputed, as well as the appropriate ex-
pressions needed to represent it.

To set the stage for a reexamination of this problem, a few
basic notions are recalled here.

Let it be assumed that for wind blowing over water, under
conditions of neutral thermal stability, the logarithmic law of
air velocity change with height is accepted, as given by the ex-
pression

U,='L—‘LD(Z/ZO) (l)

Here

U, mean wind velocity measured at elevation z above the
water surface;
& von Karman constant (normally taken as 0.4);
us shear velocity, equal to (7,/p)"’%;
z, vertical intercept of a semilogarithmic plot of z versus
U,
7. wind shear stress at the water surface;
p air density.

An established practice has been to measure wind velocity
profiles over water, to determine the shear velocity via (1),
and to compute r, therefrom.

Copyright © 1980 by the American Geophysical Union.
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Because it is not always practical to perform velocity profile
measurements in field situations, it has become customary to
express the relationship between the wind shear stress and the
velocity measured at a single location z above the mean water
level by the expression

TW
C.= o= @
where C, is the wind stress coefficient.’

One of the 1 st complete summaries of published values of
C. was assemt.ed by Wu [1969] and comprises data from 42
different investigations. This summary shows that the points
originated from laboratory studies are widely scattered, and
although the ‘field’ data show a general trend, their dispersion
makes the selection of wind stress coefficients uncertain.

In an attempt to fit a single curve to the dispersed data on
C,, Charnock [!")55] proposed an expression based on a pa-
rameter a which has become known as Charnock’s coefficient,
as follows:

.= &)

Here, a is given »y the ratio

a= 5 @
U
where g is acceleration due to gravity.

Charnock’s coefficient has been generally assumed to be a
constant when U, exceeds certain values. From the limited
amount of data available to Charnock for short fetches in the
tield, as well as from laboratory data obtained by Wu [1968],
Hidy and Plate [1966], and others, it appeared that at wind
speeds approaching 10 m/s, a had a value of about 0.011.
However, Kraus [1972] reports that when field data for long
fetches are used, the required « to match (3) varies from about
0.008 to much higher values. Similar difficulties have been
noted by many others.

From the above remarks, it is clear that many questions re-



434 AMOROCHO AND DEVRIES: WIND STRESS OVER WATER

Constanl Siope

6 Region Region

4 Breaker —
Saturation

f-—
2 Onsel o ~.
Breakers

m/s
Q

1
°

%) S 19 1S

Fig. L.

main unanswered regarding the dispersion of the values of C,,
the relationship between laboratory and field data, the appro-
priateness of the assumption of constancy of the Charnock pa-
rameter, and, in fact, the best manner of evaluating the wind
shear. [n an attempt to elucidate these questions it was de-
cided to reexamine the wind shear problem from some theo-
retical aspects as well as from the results of new measure-
ments.

THE EVALUATION OF C,
Dispersion of C, Plots

The authors suspected, upon the beginning of the present
studies, that a major cause for the scatter encountered by
many investigators in plots of C, versus U, was due to errors
inherent in the customary method of computation of individ-
ual wind stress coefficient values. Given single velocity pro-
files plotted on semilogarithmic paper, u« is found directly as
« times the slope of each line. U, is either measured explicitly
or read off from the profiles. Therefore if us is graphed versus
U., whatever scatter of points may result stems only from the
experimental errors contained in the values of us and U,.

Transition %>I-<— Constant Slope

| Region o

¢ >
|
|

=3

N

*

SeO DP»

20 25 30 35 40

Plots of us and C,, versus wind velocity U\, from data by !+« {1969] and others.

Consider now va! .¢s of C, computed from each pair of val-
ues of u» and U.. I :om (1) and (2) and the expression for us,
it follows that

2

(%)

us
c.= [E

This relationship shows that the computation of C, involves
the squaring of the two variables u» and U, and hence that its
error is a function of the squared errors of the variables.

A formal analysis of the expected relative dispersions of
plots of us and (u«/U.)* as found from individual velocity
profile measurements was performed. This analysis [De Vries,
1978] shows that the ratio of the dispersion of C, (as measured
by its coefficient of variation) to the dispersion of 4 can be
expected to be very high for low values of U.. It decreases to
about 2 for the range 2 < U, < 20 and further thereafter.

Plots of the C,, data cited by Wu, and the corresponding
shear velocities are presented in Figures la and 15. Also
plotted are data given by Garratt [1977] on C,, values from
various sources, computed from Reynolds stress (eddy corre-
lation) and wind profile measurements and averaged for
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Fig. 2. Plots of ux and Cy, versus wind velocity U,, from data b. .cthuRaman and Raynor [1975].

classes of U\, at intervals of 1 m/s. This information was not
included in Wu’s summary. Other data originating from sur-
face stress computations by the geostrophic departure method
during hurricanes were also cited by Garratt. For the present
paper, the C,, values found in the original sources [Miller,
1964; Palmén and Riehl, 1957, Hawkins and Rubsam, 1968)
were used, and also converted to us.

Finally, data cited by SethuRaman and Raynor [1975] for C,
and ue versus U, were also considered. These values, scaled
from the original paper and converted to z = 10 via (1), were
plotted separately in Figures 24 and 26 in order to avoid ex-
cessive clutter and overlap with Wu’s data.

The contrast in the scatter between the C,, and u« plots is
evident. The trend of the points, which is ill defined in the
case of C\, is fairly well defined for u«. Note that the dis-
persion of all the data sets is about the same for the lower
wind velocities. The hurricane data points at U, > 15 ms are
more dispersed. This may be due to the greater imprecision
associated with the inference of shear stresses from tropical
cyclone information. Kraus [1972] suggests that this impreci-
sion may cause on occasion overestimates or underestimates
of the stress by a factor of 2. In fact, some C,, values from the
sources cited are as high as 0.003-0.004 at wind speeds U, be-
tween 35 and 50 m/s. These values seem doubtful to the au-
thors and were not included in the present analysis. Future
measurements made from instrumented platforms at sea may
yield more reliable information.

The scatter of the us points is certainly not surprising, since
they originate from many different sources, and reflect the
true experimentaul errors, as well as the lack of homogeneity of
the conditions .1 measurement. Clearly, since the fetch of the
water surfaces ° .ried widely in the different studies involved,
one would expcot nonuniformity in the development of wave
heights and herce in the overall water surface roughness for
equal wind velccities. The variability of the wind in time can
also be expected to have caused some of the dispersion. Fi-
nally, it is unce::ain whether appropriate corrections were in-
troduced in all :he data for the effects of the state of thermal
stability of the water-atmosphere system, particularly in the
earlier investigations. Nevertheless, the u« points appear rea-
sonably organized along a smooth curve as shown, and some
important conclusions can be reached.

It is noted in Figure la that two well-defined regions with
relatively low scatter are apparent. The first corresponds to
points for which 0 < U,; < ~ 7 m/s and the second to points
for which U\, > ~20 m/s. The points fit straight lines passing
through the origin with high coefficients of correlation (0.83
for 0 < U\, < ~7 m/s and 0.94 for U,, > ~20 m/s). From
these lines, the following expressions result, approximated to
the fourth decimal place:

us = 0.0323U, O0<U,p<~Tm/s 6)

usx = 0.0504 U, Uiw>~20m/s @)
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The corresponding values for C,, are
Cioma = 0.00104
C\o max = 0.00254

O< U< ~7Tm/s ®)
Uie>~20m/s 9)

Since the above C,, values were derived from explicit ex-
pressions for us, the question of dispersion of data points does
not arise here. It is apparent therefore that, so far as the data
reveal, the wind stress coefficient tends to be constant at low
and at high velocities. Between these two end regions a third,
transitional, region occurs. The line drawn in Figure la repre-
sents this trend, which agrees with the concept suggested in
the past by various workers [e.g., Malkus, 1962; Wu, 1969,
Pond and Pickard, 1978] who have speculated that the drag
coefficient may behave in this manner.

Effect of Breaking Waves

The wind velocity U, for which the ux data start departing
consistently from the straight line relationship given by (6)
corresponds to the approximate value at which breakers begin
to appear in open waters [Kotsch, 1970; Harding and Kotsch,
1965]. From the U.S. Navy aerial photographs presented by
Kotsch it is seen that the number of breaking waves increases
gradually with the wind velocity until a state of saturation is
reached in the neighborhood of 20 m/s. This suggests that the
rate of development of breakers is associated with a form drag
due to flow separation, which determines the values of u and
C), in the transition region noted above. This hypothesis has
been also supported by physically based arguments presented
by Melville [1977], who has shown that strong changes of the
value of the shear velocity, and consequently of C,, are to be
expected after the onset of breaking waves, when us = 0.23
m/s approximately. While it is recognized that the photo-
graphic material mentioned above does not provide more
than a qualitative indication of the existence of a state of
breaker saturation in the neighborhood of U,, = 20 m/s, the
data of Figure | certainly provide a strong support for the as-
sumption of a region of constant slope above this velocity.
The curve proposed by Garratt [1977] provides neither the
double inflexion required to fit the data, nor, as will be seen
later. corresponds to the character of Charnock’s a.

To obtain further evidence on the mode of change of usx

m/'s

C1

Plot of ue versus wind velocity C., from laboratory data.

upon the appearance of breakers, measurements were made
by the authors in a wind-wave flume at the University of Cali-
fornia, Davis, and on a large open channel [ De Vries, 1978].

The equipment used in the laboratory experiments con-
sisted of a 1 X 2 ft (0.31 X 0.6]1 m) rectangular channel ap-
proximately 19 m long, covered over its top. and associated
devices that permitted the simultaneous flow of water and air.
Mean air velocities could be varied between 0 and 12 m/s.
Details of the installation are given elsewhere [De Vries, 1978].
The wind she. was determined by wind velocity profiles
measured with .. iot-film anemometer, and by the wind slope.
The latter was ¢« 1puted from longitudinal energy profiles de-
termined from . ‘ailed measurements of pressure and mean
water surface et ations. The results are shown in Figure 3.
The points origin.ated from the wind velocity profiles have the
greater scatter. They represent data obtained by the authors as
well as results of experiments by Wu [1968] and Hidy and
Plate [1966]. The wind velocities, designated here with the
symbol U, _, have :he value U,, = U,, — V.., where U, is the
velocity taken at : -tationary point 0.1 m above the mean wa-
ter level, and F, i~ the mean velocity of the water at its sur-
face, as determinc ! by timing the travel of small floating par-
ticles. This surtuce velocity represents the net boundary
motion due to wind drift and forward channel flow.

Most of the d.-persion of the points at the higher wind
speeds is due to +ave-induced fluctuations. This study con-
firmed the findinu~ of Veenhuizen [1973], which show that air
velocity profiles measured at fixed locations near the water in
enclosed flumes are affected by the wave motion to an eleva-
tion of about four wave heights above the mean liquid sur-
face. Anemometer readings sampled at random intervals
showed that the variations between sample points relative to
the average of all the measurements of an experimental run
were relatively large, and indeed increased with the mean
wind speed. The wind slope S, in a steady state is given by
the expression

Tw

S“=YD=

d

—h+V + S,

I (h /28) + S, (10
where D is the hydraulic depth, vy is the specific weight of wa-
ter, & is the piezometric head (given by h = Z, + vy + p./v), p.
is the air pressure on the water surface, ¥ is the mean water
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flow velocity, S, is the channel boundary friction slope, Z, is
the elevation of the channel bottom, and y is the water depth.

In the laboratory, r, was evaluated by discretizing (10) be-
tween the end points of a selected channel reach and by mea-
surement of the right-hand side terms of (10) for various wind
velocities U, , averaged over a period of time. The corre-
sponding u. was computed from r,. These measurements gave
rise to a set of data points that exhibited a smaller dispersion
than the wind profiles. This result could be expected, because
the mean wind slopes evaluated over a reach are less sensitive
to the local wind field perturbations produced by the waves,
and tend to attenuate their overall effect.

In these experiments the waves began to break when U,
reached a value of about 9 m/s. In Figure 3 a straight line was
fitted by least squares to the points for the interval 0 < U, , <
9 m/s. The equation of this line, averaged for all the data, is

ur = 0.0663U. , (11

For U., > 9 m/s, the data suggest an upturn of the trend.
With the equipment available it was not possible to attain
higher wind velocities than about 12 m/s, so the behavior of
u. for a wider range of U, | could not be observed. The in-
dication that a change of regime occurs after the waves start
breaking is, however, clear. Similar results have been obtained
by other investigators, including Wu [1969], who reports an
abrupt change in C,, at about 8 m/s. The velocity U,, at
which the breakers occur depends to a variable degree on fac-
tors such as fetch and water depth, and thus may vary be-
tween different laboratory flumes.

It is noted that the velocity U,, = 7 m/s at which the break-
ers begin to form over the sea corresponds to U, , = 4.37 m/s
if the logarithmic velocity distribution law is assumed. At this
point, for which u. = 0.23 m/s, the waves do not break in the
laboratory. Conversely, the velocity U, , = 9 m/s at which the
first breakers occur in the laboratory corresponds to U,, = 22
m/s and u+ = 1.11 m/s, for which sea surfaces are already sat-
urated with breakers. This can simply be attributed o the fact
that the laboratory fetches are too short for the waves to grow
in height sufficiently to break at wind velocities which are
ample to produce breakers at sea. The key result here is that
in the lower range of wind velocities u+ is a linear function of
U.. and hence C. is constant, only as long as breakers do not
form.

The authors also obtained measurements of wind shear ve-
locities in the California Aqueduct, a large canal running
north to south along the western flank of the San Joaquin
Valley in California. This canal experiences strong axial wind
action during certain seasons of the year. The canal has a
width of some 50 m. The length of the reach observed, which
has a nearly straight alignment, is approximately 10 km. De-
tails on these studies are reported by DeVries [1978] else-
where. Of interest here, among the results of that investiga-
tion, are data -howing the relationship between U, (wind
velocity 2 m a:  ve the water) and us.

The shear v -cities were obtained for various wind condi-
tions from pr¢ ¢ measurements, from measurements of the
Reynolds stres- - (eddy correlation method) taken with hot-
film anemomet s, and from the wind slopes, as evaluated by
determination o1 the wind ‘set-up.” These data are plotted in
Figure 4, together with other information for open water cited
by Deacon and 1ebb [1962] and Clancy [1970]. The points
corresponding (- the Reynolds stress measurements depart
from the generai :rend of the wind profile and the wind set-up
data probably d . to instrumental difficulties, as discussed by
one of the author. elsewhere [DeVries, 1978]. In this canal, the
waves started br. :king at U, = 6 m/s approximately (equiva-
lent to Uy =7 m ~). A straight line fits the points in the inter-
val 0 < U, < 6 ri 5. For U, > 6 the points trend upward, in a
manner similar (. that observed in the laboratory experiments
after the onset .t breakers, as well as thal indicated by the
data given in fvure 1. The solid line drawn through the
points correspon.ds to the equation proposed by the authors as
described in the tollowing section.

The above information tends to confirm the hypothesis that
in the transition region the values of u+ and U, are related to
the development of breaking waves. The following theory is
based on this premise.

A THEORY ON THE VARIATION OF C,,

The coefficient C,q can be considered to be composed of
two elements: (1) an element C, due to roughness drag asso-
ciated with nonbreaking waves and ripples, and equal to a
lower limiting value C,pn,. = 0.00104; (2) an element due to
form drag C. associated with flow separation behind the
breakers. It is postulated here that this second element is pro-
portional to a function depending on the area covered by
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breakers of various heights per unit area of water surface. This
function shall be called here breaker density. Its value de-
pends on the wind velocity and is denoted by the symbol
F(U\o).

The data discussed in the previous sections suggest that the
number of breakers per unit area, and hence the breaker den-
sity obeys a law similar to that of growth processes limited by
a state of saturation. The growth of certain populations under
nutritional or space constraints, or the rates of chemical reac-
tions, are examples of such processes [Reid and Berkson,
1929], which can be described by the equation

|
= ; [F(Uy) — Al[B — F(U\)]
(12)

A<FUJ)<B B-A=1

where s is a positive constant, and 4 and B are the lower and
upper limits of F(U ;). In words, (12) can be said to represent a
process wherein the rate of growth of F(U,,) is proportional to
the excess of F(U ) over its lower limiting value 4, multiplied
by its deficiency with respect to the final saturation value B.
This description is consistent with the photographic evidence,
which suggests a rapid initial rate of increase of the number of
breakers after U, exceeds 7 m/s, followed by a more gradual,
and finally a zero rate of increase, near U/, = 20 m/s.
Integration of (12) leads to

Bexp[(U—m)/s] + A4
exp [((U—m)/s] + 1

(B—A)

FU,) =
I +exp [—(U = m)/s}

+ A4
(13)
where m. s are constants to be determined.

Since no breakers exist at U,, <7 m/s, we can write F(U
< 7y=A = 0. Hence (13) becomes

13

HUy=B {l+exp—[(U=-m)/s]} " (14)

The expression in braces can be recognized as the logistic
distribution with mean m and standard deviation s. By the as-
sumptions stated earlier regarding the drag coefficient C,, we
can write

Co(Up)=C. + Cf = Ciomn + KFU,)
where K is a constant or, from (14),

Cio(Uio) = KB (L +exp —[(U—m)/sl} 7' + Ciomn  (15)

Comin Is the minimum value of 0.00104.
For large values of Uy, (15) tends to

CiolU10) = Ciomax = KB + Ciomin

Here, C|omax 1s the maximum value of 0.00254.
It follows that

KB = CIOmax - ClOmin = 000[5

The general equation for C,, becomes therefore

+ 0.00104

Cio = 0.0015 [1 + exp (—@) (16)

The value of ux : llows from (5):

Un = C,ol/ZUm

1/2

={0.00[5[[+exp(——U'OsJ)]_I+O.OOIO4] Uw (17)

To obtain the values of the constants m and s, an opti-
mization program «as prepared to fit this expression to the
data of Figures 1a .nd 2a by least squares. The results were m

= 125 m/s, s = | *» m/s, so that the final expressions for u«
and C,, are
us = {0.0015 [1 ~ exp (— U'°l_5612'5 +0.001 Uso
(18)

and

=1
C,0=0.0015[1 + exp (— )l +0.00104 (19)
The curves plotted in Figures | and 2 follow (18) and (19).
The shear velocities and drag coefficients corresponding to
wind velocities taken at other elevations z above the mean wa-
ter level can be obtained quite simply from (18) and (19) by
noting that for the same us,

ux = U(Cpp)'? = U.(C)'?

and hence,

2
C.=Cy, (ﬂ) (20)

U.
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The relationship between U,, and U, can be evaluated by
expressing U\, and U, through (1) and subtracting one from
the other. After some manipulation, the following results are
obtained:

U= Ui = =10 (10/2) = Uu[1 = (Cp) /%" ln (10/2)] (21

Combining this with (20), we get

C.=Ci[l = (Ci¢)""*« " In (10/2)}* (22)

With these equations, a curve expressing the relationship C,
versus U. can be constructed for any z, given C,, values com-
puted from (19). It is remarked here that (19) describes a
curve that only reaches the maximum and minimum values
Ciomax = 0.00254 and C,4pin = 0.00104 asymptotically. How-
ever, the convergence on both sides of the central region is
very rapid and the curve ordinates are indistinguishable from
these limiting values within an approximation of 10~° in the
close vicinity of U, =7 m/s and U,, = 20 m/s. Therefore the
essential constancy of C,, at the high and low wind velocity
ranges is practically preserved.

Equation (18) was also used to plot the curve shown on Fig-
ure 4, with proper scaling for U, by means of (21). The agree-
ment between this curve and the plotted points indicates that

the s tress r hip proposed applies equally well to
large s and water surfaces such as lakes and the
sea, as long as the canal fetches are sufficient to permit the for-
mation of breaking waves.

CHARNOCK’S COEFFICIENT

The validity of the assumption that Charnock’s a is con-
was tested from the experimental data obtained by the
rs, as well as from (18).

Combining (1) and (4), one gets

a = gzlexp (kU,/ux)] 'us? (23)

Figure 5 is a plot of « versus U, , based on the us values
found in the laboratory. The points were computed from indi-
vidual ux values, and the curve corresponds to the solid curve
shown in Figure 3. Figure 6 shows a similar plot based on the
measurements made at the California Aqueduct, and Figure 7
represents the behavior of a based on (18). It is clear from
these three plots that o cannot be considered to be constant
anywhere in the range of wind velocities shown. While Char-
nock’s idea of a nondimensional parameter relating the
‘roughness length’ to the shear velocity may be valid, the
roughness length, is a derived quantity and its determination
is very im e. The p ainty in-
volved in ating a ts of wux.
The fact that this uncertainty was not recognized for the many
years elapsed since its use was first proposed is quite surpris-
ing. Charnock suggested that the parameter was constant for
U, > 10 m/s on the basis of the results of extrapolations of
logarithmic pl.  of velocity profiles. Such extrapolations are
extremely imp: -ise, but the illusion of the constancy of « has
persisted never cless. One can only attribute this persistence
to the circums: nce that the illusion could not be dispelled
due to the equa - enduring reliance on strongly scattered dia-
grams for the u_tinition of C,,. Another difficulty has arisen
from the circumstance that in the past, complete data sets cov-
ering a wide range of wind velocities from zero to, say, 35
m/s, could not be obtained directly by individual investigators
from their own mneasurements. In some cases the workers
drew far reachin. conclusions from a limited range of resullts,
For example, th< lata of SethuRaman and Raynor are con-
tained mostly wi: :in the lower region of U,, values for which
Cyo is constant. his constancy certainly should not be as-
sumed to extend ! ¢cyond the range of the data. The conclusion
that Charnock’s - is constant and equal to 0.016 “. . . for mod-
erately rough seu conditions and 0.072 for fully rough condi-
tions . . ." appear- -omewhat contrived and is not supported ei-
ther by the data ot SethuRaman and Raynor themselves or by
the additional intrmation presented here.

Other authors have chosen to ignore large masses of avail-
able information The exclusive use of data not included in
Wu's summaries. for example, may have led Garratt to over:
look the existence of the transition region of the shear stress,
and to propose that a value of a = 0.0144 describes ade-
quately the variation of C,, in the region 4 < U,, < 21 m/s.

It is certainly possible to obtain an expression for Char-
nock’s a by combining (18) and (23). However, quite aside
from the complicated form of such an expression, it would
seem that to use it for finding a nonconstant a as a vehicle for
computing C,, and thence, eventually, ,, is a rather pointless
exercise. Therefore it seems to the authors that since Char-
nock’s a has lost its virtue as a constant parameter, its future
use can hardly be justified. The value proposed by Garratt
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leads only to a very rough approximation of the trend of C,,
which masks the upper and lower levels of constancy and the
effect of the breaking waves in the transition region.

CLASSIFICATION OF SURFACE ROUGHNESS

Plots of the variation of the shear velocity us and of C. with
the roughness Reynolds number R+ = usz,/v have been pre-
sented by SethuRaman and Raynor [1975] and Melville [1977].
The former authors concluded from plots of their results that
for R« values comprised between the ranges R« < 0.15,0.15 <
Ra < 4 and R« > 4 the flow regime could be characterized as
‘smooth,” ‘moderately rough,” and ‘fully rough,’ respectively.
This division was based on the apparent slopes of lines fitted
to plots of C, versus Rs. This classification of roughness was
also applied by SethuRaman and Raynor to their plot of C,,
versus U, (see Figure 2b) with the interpretation that fully
rough conditions correspond to the higher points of their scat-
ter diagram, moderately rough to the intermediate points, and
smooth to the lower points. [t is difficult to understand how
the three states of roughness could occur within the same
range of wind velocities in a steady state.

A different classification is proposed here. Values of Cj,
computed from (19) were plotted against R+ computed from
(1) and (18). This plot is shown in Figure 8. Also shown here
are the data presented by Melville [1977]. Three regions can be
distinguished here, which match those shown in Figures | and
2. For R« < 0.76 the flow boundary can be said to have low
roughness and corresponds to a water surface devoid of
breaking waves. In the range 0.76 < Rx < 245 the boundary is
transitionally rough and occurs between the onset of breakers

and the neighbori: d of breaker saturation. Finally, for R« >
245 the surface hu- 1igh roughness.

The points take:. :rom Melville’s paper agree with the curve
obtained here, except in the extreme ranges of Re. It is be-
lieved that these discrepancies are due to the experimental
and computational scatter of individual C,, data as discussed
before. It is noted, 'or example, that the data of SethuRaman
and Raynor [1975] i1 the region 0.001 < Rs < 1.0 corresponds
to the position ot . line passing through the mean of the
points for which C < 1.0 X 107 in Figure 2. This, of course,
tends to underestin: .te C,, in this region. In the upper region
the points by Ruggics and Wu [Melville, 1977] are scattered
but their centroid lies in the vicinity of the maximum value of
C, as given by (18)

CONCLUSIONS

The conclusions o this study can be summarized as follows.

. The difficulties encountered in the past in establishing a
relationship between the wind velocity U, and the wind stress
coefficient C, can be attributed primarily to computationally _
produced scatter ot the plots of C,, versus U, On the other
hand, clear trends emerge in plots of us against U,,, which in-
dicate that three regions can be recognized in the develop-
ment of the wind shear stress. (1) A lower region for which u«
varies linearly with U, and C,, is constant and equal to
0.00104. In this region the wind waves do not break. (2) An
intermediate region for which C,, varies nonlinearly with U \,.
This region occurs between the onset of breakers and the con-
dition of full breaker saturation. (3) A limiting region for
which us again varies linearly with U, and C\, is constant
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and equal to 0.00254. In this region, full breaker saturation
prevails. The data obtained by the authors show that within
the range of wind velocities recorded in their work (0 < U, <
12 m/s, or 0 < U,y < |5 m/s), the behavior of large open
channels is consistent with that of seaways in the above re-
spects.

2. Equations (18) and (19) are proposed to describe the
shear velocity and the shear stress coefficient in the range 0 <
U, < 40 m/s. These functions are continuous and consistent
with the conditions described under point 1 above.

3. The roughness condition of the flow boundary can be
classified as follows: (1) low roughness for R« < 0.76, or us <
0.23 m/s, (2) transitional roughness for 0.76 < R« < 245, or
0.23 < u+ < 0.98 m/s, and (3) high roughness for R« > 245, or
ux > 0.98 m/s.

4. Experimental evidence indicates that Charnock’s coef-
ficient « is a nonlinear function of U, over the entire range of
values 0 < U\, < 40 m/s and should not be assumed to be a
constant for the estimation of C,,.
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