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ABSTRACT

In areas of hot climate and high humidity, extensive deposits
of residual soils develop through weathering processes. The character-.
istics of these soils together with high rainfall often leads to land-
slides of catastrophic results causing loss og life and severe property

~ damage.

This thesis is intended to investigate the mechanisms through
which slope failure takes place and the factors that must be considered

in the analyses of stability of natural and cut slorcs in these regions.

It is shown that the dominant mechanism of failure is the
infiltration of water through the unsaturated soils with the consequent
reduction of the apparent cohesion by elimination of suction that

previously existed in the unsaturated soil.

Methods of analyses are presented to study the stability of
slopes. It was found that positive pore pressures are not necessarily
built up and that a slope can be safely designed in terms of effective
stresses by using the shear strength parameters obtained through

drained tests carried out on samples saturated before shearing.

Methods of improving si:vpe stability are discussed and a ten-
tative simplified classificatiou of slope failures on the basis of rain-

fall intensity is also presented.

It is felt that the behaviour of the residual soils with

xr



respect to infiltration of water is dominated by the presence of th-
relict structure and cracks In the soils:that lead to large values of

y
tho permeability.
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CHAPTER I

INTRODUCTION

Methods of statical analyses of slope stability have been
sufficiently developed to such a point that complex ;nalyses through
very general procedures are now possible. A major problem still re-
sides in the knowledge of the slope behaviour and in the properties
and parameters of the slope-forming materials to be adopted in these
analyses. 1f these factors are known, 1t is possible to predict
‘whether a slope is stable or otherwise to undertake the necessary

measures to prevent the slope from failure by improving its stability.

A general review of the stability of natural and cut slopes

has been given By Skempton and Hutchinson (1969) from which the sta-

Yo LN

=

bility of slopes in certéin soils under certain conditions can be
predicted. However, as they said, withmrespect to stability of slopes

in residual soils they :could not draw any general conclusion.

Deere and Patton (1971) in their State of the Art report on
Stability of Slopes in Residual Soils have pointed out the important
roles of weathering profiles, groundwater and relict structures, and
that landslides are more common during periods of heavy rainfall.
Although these may be basic comnditions relevant to .the analyses of
such problems{ the mechanisms through which slope failure occurs are

not understood and the influence of_wéter is not attacked in depth.



Landslides that occur in tiopical or sub-tropical regions of
high humidity and rainfall, are influenced by the soil characteristic
of the region (residual soil) as well as by the action of rainfall.
This can be of large intensity and short duration or of moderate inten-
sity and large duration. Extreme cases occur when the rainfall exhi-
bits high inténsity and large duration. 1In this case the result is

always catastrophic. Such factors are, however, .related to the time of

the year.

The purposes of this thesis are to investigate the mechanismsg
of landslides and the factors that account for the slope failure andE
to present, on the basis of these, the methods of analysis for natural
and cut slopes. Contents of the various chapters of the thesis are

summarized below.

Chapter II presents the characteristics of the residual soils
in view of the soll-forming process of weatheringq Thus, a brief
description of geologyrand climate 1s introduced and the weathering

processes are explained.

Since the residual soils are unsaturated in the natural sState,
Chapter III deals with the movement of water through unsaturated porous
media. "The basic physical ﬁrinciples behind this type of flow and the

general equation that governs the flow are developed.

In Chapter IV, solutions of the unsaturated flow equation for

the particular case of vertical infiltration are presented and discussed.



The methods to determine the required parameters and quanti-
ties to analyse the flow through unsaturated solls are treated in

Chapter V.

Mechanisms of slope failure are presented in Chapter VI.. In
this chapter Procedures to analyse the stability of natural and cut
slopes are discussed. A simplified clas;ification of types of slope
failure with respect to rainfall intensity is presented and methods of

lmproving the stability of slopes are discussed.

Chapter VII analyses some case histories in the light of this
study and Chapter VIII summarizes the conclusions drawn from this in-

vestigation.



' CHAPTER 11

RESIDUAL SOILS .

2.1 Introduction

This chapter presents the characteristics of some residual
soils in Brazil, particularly those in the two areas of our study:
the City of Rio de Janeiro and the region of the Anchieta Highway,

between the cities of Sao Paulo and Santos at Serra do Mar.

In order to understand residual soils, it 1s of interest to
know how they were formed. For this, an understénding of some geolo-

gi-al and climatic features of Brazil are needed.

2.2 Geology of Brazil

Ir -~o.:: of its very large surface (8,511,965 kmz), Brazil
is generallv o: va2lat. -~ vy low altitude. Brazilian topography is

dominated by an enori ~- plateau with an average height of 1,000 m.

This plateau eﬁtends s coast on the eastern part of the
country, very close tc¢ : - -ing abruptly to form scarps parallel
to the coast. Locally . :v led "serras' (ridges) but in fact
they are ''cuestas", a t -og. r2 ~~hibr. .g scarps on only one
side, and in our case the =zs- s lma anc ©  2is, 1966;

Domingues and Whately, s66).

Plateaus and ridges oi ~=lev. .. zngi. » be:ween 200 m and

1200 m occupy about 58.5% of fhe total ar. . »f thh .ounc-y. Tahe low
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lands, with altitudes less than 200 m occupy 21@ of the country. Only
0.5% of the area of Brazil has altitudes above 1,200 m. Ridges con-
gisting of round mounds and isolated hills in the form of domes due to

exfoliation are very common in Brazil.

A summary of Brazilian geology is given by Sant'Anna (1966)
and Dantas (1966). We present here some of the important geological

features as described by them.

Brazil 1s predominantly composed of a very old complex of
Precambrian formations, firstly deformed by orogenic activities and

later, affected by epeirogenic movements.

Overlying this bedrock are sedimentary.layers of varying
thickness, whose ages range from the Paleozoic to the Recent period,
giving rise to sedimentary basins at different altitudes and positions.

Figure 2.1 illustrates the Precambrian formations in Brazil and the

two sites of our study.

Structurally, the Precambrian forma;ions are mainly distribu-
ted in two large rigid blocks: the "Bloco Guianense" and the "Bloco
Brasileiro", both partially covered by old and recent sediments and

separaféd by the large geosyncline of Amazonas, shown in Figure 2.1.

The "Bloco Guianense" constitutés a well defined unit but
the "Bloco Brasileiro'" is divided due to the localization of the
Paleozoic and Mesozoic basin,,d%§tributed in depressions of different

altitudes, the old epicontinental seas.

—



The principal old Precambrian rét?h’outcropping in Brazil are:
gneisses and granites associated with quartzi;es, diorites, micaschists
and some carbonate récks such as marble and dolomites. These old ter-
rains are dominant in almost all the "Bloco Guianense" but in the "Bloco
Brasileiro" their distribution is more complex. They occur in the north-
east, forming the Borborema Plateau, in the southeast, along the coast,
forming the Serra do Mar and inward, they occupy large areas of the State
of Minas Gerais, like the Mantiqueira Ridge. In central Brazil, they

appear in the Goiano and Matogrossense Plateaus, and in southern Brazil

they form the ridges of the State of Rio Grande do Sul.

The Precambrian areas are divided as archean, where the granite-

gneissic formations are predominant, and as proterozoic.

2.3 Geology and Climate of Rio de Janeiro

The City of Rio de Janeiro occupiles the eastern half of the
State of Guanabara, and has cooydinates: 22°54"' (South Latitude) and
43°10' (West Longitude). Thls State is bordered on the south-by the
Atlantic Ocean and on the east by Guanabara Bay. Along the northern
edge, it is bordered by the State of Rio de Janeiro into‘which the city
extends for many kilometers. West of the city proper are smaller

cities and agricultural areas. ‘ -

Three topographic features can be distinguished in the State

of Guanabara: the mountain ranges, the alluvial plains ("Baixadas")



and isolated hills (Barata, 1969; Jones, 1973).

As shown in Figure 2.2, three mountain’ ranges are aligned in
a2 northeast-southwest direction: the Pedra Branca, the Gericind, and

the Tijuca - Carioca Ranges.

The Pedra Branca Range, in the ceﬁtral part of the State,
branches to the southwest and separates the Baixada of Jacarepagua
from the Baixada of Sepetiba. Within the range are the mounts Cabagu .
(569 m), Lameirao (482 m), Viegas (205 m), Capim Melado (647 m) and

the highest peak, Pedra Branca (1,025 m),

The Gericiné Range, in the northern part of the State has a
maximum altitude of 889 m at Mount Gericiné and lies on the border

between the States of Guanabara and Rio de Janeiro.

The Tijuca - Caridca Range in the eastern part of the State
has a maximum altitude of 1,022 m (Tijuca Peak) and consists of two
ridges: the Tijuca and the Carioca. Some famous peaks are in this
range: Sugar Loaf (395 m), Corcovado (704 m), Tijuca (1,022 m) and

Pedra da Gavea (845 m).

Four alluvial plains. - ‘ally called "baixadas" can be dig-
tinguished: the Baixada of Guaunbara iﬁ the northeastern part of the
State, the Baixada of Jacarepagud in the‘southern part, the Baixada of
Sepetiba in the western part and the Urban Baixada which- includes the
Commercial Cent=r, the South Zone and the Northern Zone of the city of

Rio de Janeiro. The Isolated Hills are dispersed through the plains



and are, in general, less than 250 m high.

The hill slopes of the City of Rio de Janeiro are covered by
a mantle of soills (mainly residual soils and some colluvium) and frag-
ments of rocks which all originate from decomposition of the underlying

rock by weathering.

Geologically the State of Guanabara is composed predominantly
of gneisses and granites of Precambrian age. During the geological
history as a consequence of\rock formation processes at depth, elevation
of the land mass and erosion, there was a development of faults, frac-
tures and fissures in the rﬁcks, along which intrusions of granitic and

basic rocks occurred forming dikes.

Thus, great masses of granitic rocks were forced into the
gneissic rocks during the Ordovician Period. In Cretaceous time,
dikes of diabase were formed along faults and in the Tertiary Period,
alkaline rocks were emplaced in the samé sort of fraétures, as observed

in the western portion of the State (Jones, 1973).

The most prominent faults in the State of Guanabara originate
mainly from land mass elevation and lie in a subparallel system in a

northeast-southwest direction.

The most important rocks for our study are the gneisses be-
cause they are mainly spread in the eastern half of the State where the
City of Rio de Janeiro 1s concentrated, including the suburbs and

Jacarepagua. They are crossed by minor intrusions of granite and basic



rocks and constitute almost wholly the Tijuca-Carioca Range. Moreover,
they represent about 38% of the rocks in the State, followed by the
granites that represent up to 20% and dominate in the western half

(Barata, 1969).

Two different series of gneisses occur in the eastern half

(Jones, 1973; Helmbold, 1967 Barata, 1969). The first and younger one

1s derived mostly from sedimentary rocks. It is referred to as the

paragneisses of geosynclinal facies and includes the gneisses descri-
bed as:- ’
1. Biotitic Gnelss. It 1s the most widely spread gneiss, crossing
integrally the State in the northwest-southeast direction. It ig
the most complex and variable lithologic unit of the paragneisses,
being a biotite—plagioclase;quartz—garnet-gneiss, sometimes also
having orthoclase, A variety of it, rich in garnet, sillimanite
and cordierite ig very common and called kinzigite. It is of dark
-colour due to the high content of biotite,
2. Microcline-Gneiss. It oecurs Principally in the southeastern part
of the City of Rio de Janeiro and ig a microcline—quartz-oligoclase—
biotite—garnet—gneiss. Several different textures can be found:-
a) Porphyroid, due to the presence of feldspar crystals of large
dimensiong. It constitutes the most part of the peaks and
abrupt scarps of the Urban Chain: Corcovado, Sugar Loaf,
Cabritos Hi1l. 71t ig locally called "facoidal" gneiss.,

b) Semifacoidal, when presenting poorly developed feldspar crys-

tals. It exists in only a few areas.
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¢) Laminar. 1t has a very pronounced lamination and occurs in a
very few small areas.
d) Migmatitic gneiss.

3. Leptigites. They are composed of the same minerals as the micro-
cline-gneisses but in different proportions. They are rich in
quartz and have a small percentage of mica, thus being hololeuco-
cratic, and they preseﬁt a very laminated structuré. They occupy

a relatively small area in comparison with the others.

This younger series includes beds of quartzite and calc~

//// silicate rocks derived from gandstone and limestone, respectively. It

includes some intrusive bodies that were metamorphosed together with
the metasedimentary series. The textural varietles of the gneiss re-
flect the varying composition and nature of the original rocks and

processes of formation.

The other serles, considered an older one ‘g cerived from
P /

granitic and mafiprrocks. It is composed of gneisses texturally more

-
=

homogeneous,,wifh a varying mineralogical composition that ranges from
granites to quartz—diorites~and by migmatites and amphibolites. It 1is

referred to as the inferior series.

Both series are crossed by intrusions of basic and interme-
diary rocks, partly gneissified and metamorphosed. The paragneisses

are the most dominant, occupying the area of the City of Rio de Janeiro

and a large part of the suburbs.

In spite of tts small territory: the State of Guanabara has a
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~

larée variatlon in climate. Basically the climate of the State 1is
characteri;ed‘by either a hot or temperate summer, depending on the
reglon, and being, however, always humid. The differences in climate
are mafinly felt in the winter, which varies from region to region

from dry to humid.

The annual average rainfall ranges from 1500 mm to 2500 mm
depending on the region, mostly concentrated during the rainy season

that occurs in the summer months: December to Februafy or March.

Thus, two main types of climate can be distinguished: "rainy
and ten, ite climate" and "hot and humid tropical climate', types C
and A, respectively, according to the criterion of Koppen (Barata,
1969; Fortes,; et al, 1966). The "rainy and temperate climate', res-
tricted to the subtype Cfa 1is distinguished by humidity and moderate
temperature. It has hot summers and 1s typical of the mountainous
regions above 500 m, a small area that occupies only about 5% of the
State. The "hot and humid tropical climate", the predominant one,
presents three varieties:-
a) Sub-typet Aw, humid summer and almost dry winter. It occurs
over most of the part of the State, mainly on the 'Baixadas".
b) Sub—typé Am, humid summer and almost humid winte>, occurring
at the foot of the mountains.
c) Sub-type Af, humid summer and winter, with no dry season. It

occurs on the hill slopes of the mountains up to the level

]
500 m. (Barata, 1969; Fortes, et al, 1966).
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2.4 Geology and Climate of the Area,of Anchieta Highway

" The Anchieta Highway, linking the cities of Sdo Paulo and

Santos is located on the hill slopes of \the Serra do Mar. Many land-

slides occur periodically in the area obstructing the highway.

’

This ridge is really a "cuegta",‘presenting onlyvone‘face
that dips abruptly toward the ocean, while the opposite face is ac-
tually a plateau, dipping very gently tbwafd the Parana Basin. The
Serra do Mar extends along the coasfline of Brazil, from the State of
Rio de Jaﬂeiro to the State of Rio Grande do Sulf It is composed of
two branches almost parallel to the.coast, an outer one, élmost sub-
merged and an-inner one, considered as an Atlantié wall with decreasing
elevatiéns toward ﬁhe south, reaching up to ?300 m. In the State of
Sao Paulo{t@e Serra do Mar is concentrated 1# a narrow zone parallel
to the coast. ‘ ‘ ’ o /

The accepted idea among geologists is that the Serra do Mar
wan origina;ed by elevation of land:;ésses along faul£s; that occur?ed
very slowly during or aftér the Tertiary Period. Thu§, differential
movements of rock Slocks would have giveﬁ.fise also téikbe formatibn of

h}lls on the shoreline and of islands along the coast. Véryvintense'

and eftended erosion has already modified the surface of the faults.

Geologically the formation of this ridge is very;old, of

Precambrian age. It is composed of very intensely folded layers of

schists and gneisses, with intrusibns of granites and limestones.
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At upper elevations, large intercalations of micagchist occur
close to the gradational contact between gneiss and schist. At these
areas the micaschist can be the donminant rock. The gneilsses are gypi-
c&lly biotitic, with varying content of quartzland banded structure.
Both rocks are also crossed by veins of quartz and pegmatites (Teixeira.

and Kanji, 1970; Fortes, et al, 1966; Vargas, 1967a, 1967b).

The site of the Anchieta Highway at Serra do Mar presents
basically the "tropical altitude climate", distributed 1n two areas:
the largest one, with a climate of hot and humid summer (Cwa) and the

smaller one with temperate and humid summer (Cwb) (Fortes, et al, 1966).

“The average annual rainfall is around 4000 mm or 5000 mm
depending on the site but values as high as 6000 mm have been recorded
at the foot of the ridge in Cubatao in 1947 (Vargas, 1967a).

@

2. Jeathering and Wé;fhering Profile

A considerable percentage of the hill slopes qf,Rio de

- o A
Janeiro and Serra do Mar is covered by a thick mantle of soil and f. :g-

-

ments of rocks formed by in situ decomposition of the underlying rocks.
The processes of decomposition are extremely complex, and several
phenomena may act separately or combined to alter the rock. It is well

known that- the climate is the principal factor that will determine the

type of weathering, making some processes‘té‘act more intensively

(Leinz and do Amaral, 1962).

Obviously, the weathering will also depend on the type of
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parent rock and the climatological aspects are assoclated with other

factors such as topography, altitudes, etc.

L

Basically, the very humid environment makes water available
throughout the year from rainfall, mostly distributed during the sum-
mer months. This associated with high temperaturebis the principal

agent of the weathering processes.

The temperéture is responsible for a certain type of physical
weathering, by fracturing the rocks. As a consequence of temperature
- variations, e#foliation will occur along isothermal lines in the rocks
and as a result, the round blocksrof rock common in many hill slopes,
and the round form of most of the hills in Santos and Rio de Janeiro

.appear.

Temperature also plays an important rqle;by accelerating the

%

reactions inherent to the chemical processes of weathering.

Another physical process of block fracturing results from the
. * . /-
growth of vegetal roots when the rock possesses openings through which

the roots can penetrate.

Chemical decomposition occurs by reactions between the minerals
forming the rocks and different aqueous solutions. This type of decbm?
position is more common in humid and hot environments. Several processes

of ¢hemical decomposition may occur.

The water from the rainféll contains gases dissolved iﬁ it,



15.

such as oxygen and carbon dioxide from the atmoséhere. It may also be
possig}e that due to the‘action of lightning during'thunderstorﬁs,

atmospheric nitrogen combines with oxygen and water to form nitric aqd
nitrous acid. These diluted acids then have a corrosive action on the

"rocks when the rain reaches the ground.

When infiltrating into the soil, the water also dissolves
and carries several organic and inorganic substances, very often of

acid nature which are active in chemical weathering.

Some minerals present in the rocks may decompose in the

presence of Qater due to its ionization. The corresponding reaction
ig referred to as hydrblysis. As a consequence of hydrolysis the com-
plex silicates typical of igneous and metamorphic rocks aré‘destroyed;\
As described by Dapples (1959) there is a replacement of large meﬁal
ions‘by H+ ions., The silicic acid-like molecules formed, beingth—A
stable under the presence of water. would undergo further hydrolysig -
with rearrangement of structure and dgyelopmént of clay minefaié due

-

to hydroxils entering the lattice. ~ Thus, hydrolysis of orthoclase

would undergo the following mechanism:

— —
HO + B 4+ OHL__/

: e . : NS . +
Si. ;
I(Al(i‘3 3 + H - HAls1308 4+ K

(orthoclase) . _ (silicic acid-like structure)

?
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- +
S
HAl 1308 + OH f (OH)8A14514010 + SiO2 + H
(rearrangement
(silicic acid- of lattice) (clay mineral- (ion or colloid form)
like structure) kaolinite in '

.colloidal form)

The hydrolysis depends on the degree of ionization of the
 water which in its turn depends on the temperature, increasing consi-
derably~with it. Denoting the degree of ionization by Io for the
temperafure‘of 0°C and by 1 that for a given temperature t°C, the

ratio I/Io increases according to the q?ble below (Vargas, 1971a):

t°C 0 10 18 34

-%—- 1 1.7 2.5 4.5
(o]

Carbnggioxide, either from atmosphere or from decomposition
’ & ’ .
“of vegetals is mostly dissolved by water. A small part, however, com-

bines with water to form carbonic acid always in the state of dissocia-
tion:
B0 + €O, 2> HLCO

. + _
H2C03 > H '+ HC03

HCO > H +co
P . + ’ 3
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In spite of being a weak_acid, the carbonic acid 18 one of
~the most important agents of the chemical weatherlng. Its action with

feldspars is as follows (e.g., orthoclase):

2KA181308 + H2C03 + 2nH20 > K2C03 + AlZ(OH)ZSi4010 + 28102

(orthoclase) (soluble (clay mineral)
- salt)

Over the biotite, under oxidant environment it follows:

ZEMgZFe(OH)zAlSi 0. + % 0, + 10 H,C0

3'g + ol 0 -

3
(biotite)

-+ ZKHCO3 + 4 Mg(HCO3)2 + Fe203 H20 + .

%

+ AL, (OH),S1,0,0 . n H)O + 2 510, + 5 H,0

- (clay mineral)

S

Oxidation is a process that occurs primariiy in\éilgcate
minerals containing iron. Iron is the substance which primarity under-
goes.oxidation and its oxidation appears to proéeed along with hydro~
lysié of the silicate structure. The weathering of bi&tite is as

follows:

+
(OH)_Z K(Mg, Fe)3 AlSi3010 +H -e -+

(biotite)

++ ++ + -
-+ H5A1813010 + Fe +Mg +K + OH



+H+ - = > 1 :
Fe + 30H + Fe(OH)3 + -i-FeZO3 ;~nH20
(1imonite)
- +
HSAlSi 0 + OH -+ (OH)8A14514010 + 8102 + H

3°10 "

(clay mineral)

It is important to note that oxidation develops the Fe ‘
ion which in hydroxides, hydrates or oxides has a brown to vermilion

red colour.

H. .
Ferrous ion (Fe '), however, tends to develop compounds of

characteristic gray, green or even bluetrints.

By virtue of the chemical reactions presented here, kaolinite

" will be the most dominant clay mineral in fﬁé residual soils in these
areas of Brazil. 1In fact, in acid environments, sodium, potassium,
calcium,.magnesium and iron are completely leached and there is an inFro—
duction of hydrogen during the process of clay formationm, principally
when the ratio silicon-alumiﬁﬁm 18 low, witﬁ a consequént formation of

kaolinite (de Mello and Silveira, 1965).

Very few minerals are resistant to chemical attack. Among
them the most important is quartz. Most of the minerals are subjected
to decomposition with time, being transformed to stable minerals under

the conditions at the surface and to soluble substances that are carried

by the water. 4 7 » 7 v

The non-soluble residue remains in the site and will dep;EIta

~ .
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to form the clay fraction of the residual soil.

A8 a consequence of the weathering processes, a mantle of soil
will cover the rocks on the hill slopes, composed of clay, silt, sand

and even fragments of rocks not totally disaggregated.

The weathering process acts at depth and with time and there
i3 a variation in properties of the materials with depth. First, there
is .a fracturing of the rock (physical disaggfegation) then this‘is
followed by a chemical _tack by thé acid water that’pegetrates into

the fractures.

A characteristic of this weathering process is that the water
tends to wash down some of the constituents of the upper layer, referred
to as the zone of eluviation. These constituents will be deposited in
1ower layefs (zone of illuviation). The tendency,of this process is,
therefore, to give rise to more porous iayers in the upper part of the'

~

weathering profile.

Depgading“0n>zhe intensity of the chemical attack,'small frag;
ments of feldspars and mica, not totally decomposed may occur within the
sandy fraction of the soil. As the process proceeds there is a ten-
dency for the formation of more clayey layers. -This is 1}lustrated by’
Haberlehner (1967) in Table 5.1, where the surficial soil is moré |
‘clayey than the underlying soil. ngrgfore, we can observe.several.
layers with différeﬂf properties that rang;“};om those corr?sponding‘to
a soil to thos; for a sound rock. Howevef, there is a gtaduai transi-

tion between these layers that makes it difficult to establish the boun-
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daries in the weathering profile. It should be emphasized, however,
that any establishment of different zones within the weathered profile
is very arbitrary and qualitative since the soil properties vary con-

tinuously with depth.

On the basis of a gradual variation of soil properties with
depth, it is obvious that any problem in soil mechanics should recog-

nise this feature.

Vargas (1953) distinguished three different zones in the wea-
thering profile: 1) the mature residual %zone resulting from the
total action of weathering and composed of ; layer of humus and a layer
of reddish or yellowish clayey or sandy soil; 2) the young residual soil
zone composed of clay or clayey sand and presenting the original struc-

ture of the parent rock and 3) the disintegrated rock, just overlying

the sound rock.

Figure 2.3 from Vargas (1953) illustrates the three zones for
two different sites. One is near the ctest of Serra do Mgr.and the
other is near the crest‘of a lower range of mountains in a deforested
zone. This figure shows the tendency towardo an increase in the thick-

ness of the mature residual soil and of the total decomposed overburden

and towards a decrease in the thickness of the disintegrated rock layer.

Deere and Patton (1971), on the basis of the work of several
investigators, give a three fold subdivision for the profiles of rock
weathering developed over intrusive igneous rocks and metamorphic rocks

ags follows:
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a) Zone I - residual soil
b) Zome II - weathered rock
c) Zone III -~ relatively unweathered,
fresh bedrock
Each of these zones are also subdivided into layers that ex-
hibit distinct characteristics. We will not describe all of their
features but refer to Table‘2;2 and Figures 2.4 and 2.5 presented by
Deere ana Patton. It is important to note that their clas§1fication
basically corresponds to the one prgsented by Vargas (1953) with dif-

ferences shown on Figure 2.5.

Deere and Patton's classification appears to be somewhat
general and as they point out, "it 18 not always easy to apply because
of the very irregular and, often, gradational contacts'. However, due
to the characteristic of their classification and to the enormous
variety of names presented by several investigators for the weathering
profile, Deere and Patton's claséification may be very convenient and
useful and we shall adopt it as much as possible, although the clas-

siffcation presented by Vargas may be more specific to “our study.

" An interesting fact described by Vargas and Pichler (1957) and
Pichler (1957) is that, in Santos the. slopes are normally very steep
and when they reach angles up to 45°, the hill slopes are covered by a
mantle of residual soil. However, for angles over 45° they generally .
exhibit very jointed bare rock, reflecting two systems of joints: one
system that in the upper parts of the rocks has the same dié and dip

direction and the other consisting of exfoliation joints. Both tend to
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separate large blocks of rock due to the ease of weathering along the
joints (Figure 2.6). As a consequence, hill slopes of mixed soil and
rock boulders are very common. At the top of the hills, the residual
s80il mantle has a thickness of about 20 m; this thickness being re-
duced at the siopes to a few meters if the bare rock 1s not directly

exposed.

This same feature caﬁ be observed in the City of Rio de Janei-
ro as described by Barata (1969). There, hill slopes up to 30f are
covered by a thick mantle and steeper ones (above 30°) are covered by a
shallow mantle. Both are reférred to as earthy hill slopes. Steep hill

slopes of 60° and over exhibit no mantle and are referred to as scarps.

In areas of constantly humid c¢limate the depth of zone IC

can be as large as 80 m (Vafgas, 1971a).

Teixeira §nd_Kanji (1970) describe the features of a landslide
on Anchieta Highway at elevation 500 m. There, the zone of partly wea-
thered rock (zone IIA) occurs at depths over 50 or760 m. An unusual
depth of 75 m, howéQer, has been reported by them for the residual soil

zone (zone 1) at the same site.

2,6 Properties of the Residual Soils

Figure 2.7 illustrates the profile of weathering that has

occurred over gﬁeiss under constantly hot and humid climate, at Serra

do Mar (Vafgas, 1971a).
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A very thin layer of organic material overliés a layer of clay
or clayey sand, 3.0 to 10.0 m thick, zones IA and IB. The predominant
clay mineral in these zones is kaolinite. Underlying this zone there
is a layer thai exhibits relict structures from the gneiss and has 10
to 80 m of thickness, zone IC. It is underlain by a zone of weathered
gneiss that has corestones and boulders surrounded by soil not totally

decomposed.

It can be observed that the percentage of clay decreases with
depth, thus, with a téndency fot the material to be coarser, as already
discussed. It is also seen that the porosity has a value of about 50%
throughout the profile reflecting the relatively 1arée voids of these

soils.

The same type of pfofile can be observed in Rio de Janeiro
with coarse soil, sandy silt or silty sand, and a small percentage of

clay, higher at the upper layer.

2.6.1 Residual Soils in Rio de Janeiro

As we noted before, gneiasrrs the predominant rock in the
City of Rio de Janeiro. All the varieties of gneiss will lead to re-
sidual soils of slightly different properties. Table 2.1 illustrates
some propgrties of. the residual soils, .corresponding to each -variety

of gneiss.

It can be seen from this table that the residual soil derived

from microcline gneiss (porphyroid), "facoidal gneiss", is the most
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plastic. The kinzigite, richest in iron minerals, also has as a result,

a higher unit weight of solid particles.

The differences between these soils can be better illustrated

through Table 2.3 which'shows average values of the shear strength para-

meters for these soils.

A description of the characteristics of some residual soils
of Rio de Jéﬁeiro has been presented by Sandroni (1973). Although he
does not mention it, they are likelyvderived from microcline-gneiss, as -
we can see from the iocation of the sites from where the sampies were

obtained. His samples, however, have a very small void ratio when

compared to other, as shown for example by Ferreira (1962),and presented

in our Table 2.3. _ T

e

The average value of the void ratios described by Sandroni
is about 0.58, ranging however from about 0.12 to 1.1. However, as he
poinﬁshoﬁf; the samples were obtained from zones of young residual
soil, and pe£ﬁaps these s;ils would exhibit these smal}er voild ratios,
keeping in mind that the tendency of the weathering process is to
develop a porous structure characterized by large voids as has been

pointed out by Vargas (1971a, 1973).

These soils mainly consist of silty sand, with the percentage
of clay mainly falling in the range from about 7 to 22% although a few
values have appeared out of this range. The soils in question have low

¢

to medium plasticity:

N\



Liquid Limit (WL)
s
Plastic Limit (wP)

Plasticity Index (IP)

and some were non-plastic. .

Although Sandroni's results do not. show a good correlation

20

12

5

to 402
to 322
. to 152
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with the voild ratio, it 1s possible, however, to identify some trends:

a) The percentage of fine materials (< # 200) increases with
| '

"the void ratio. This trend can be explained since the

more porous solls correspond to a more advanced stage of

evolution, thus, with the tendency of having a larger

percentage of fines.

b) The natural moisture content increases with the void ratio.

Other results have been bfésehted in a'report by Geotecnica (1967)

concerning a landslide thatifaskjglace at Governador Island in Rio de

Janeiro, referred to as the Estrada do

be analysing in detail in Chapter VII.

Jequia slide, and that we shall

There, the soils were predo- ~

minantly sandy-silt of low plasticity, having the characteristics

below:
Clay (< 2u)
Ssilt (2u ~ 0.06 mm)
Sand (0.06 - 2 mm)
Liquid 1limit
Plastic limit

Void ratio

14
36
24
26
19

0.48

to

to

to

to

to

to

407
50z
457
497
272—

1.09

v

In Table 2.3, we have included the values of void ratio and *

dry unit weight calculated from Tables 2.1 and 2.3 for the residual
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roungd grains instead of angular oreg,

Other data shown in Table 2.4, have been obtained .by Geotec-
nica (1967) with respect to the Estrada do Jeqﬁiﬁ slide in Governador
J - o
Island. They also 1llustrate the same reduction of cohesion after

~

saturation, as described. v

Also shown in Table 2.4v'are the results presented by Sand-
roni (1973) from drained direct shear tests on samples saturated before
shearing. Due to his large number of tests, Sandroni presents the
strength parameters as a function of void ratio, obtained by regress
analysis. We see from his data that both, cohesion and angle of inter-

nal friction decrease as void ratio increases.

'Since.his resuits show that the percentage of fines (< # 200)
increases with void ratio, we see that a larger cohesion occurs for a
smaller percentage of fine grains and he found that fracturing of grains
was occurring during the tests. Note that his void ratios are small,
with an average value of about 0. 6, consequently giving large values for
the cohesion: and the angle of internal friction.

L]

2.6.2 Residual Soils at Serra do Mar and Santos

In this area, the residual solls of gneiss, granite-gneiss
and micaschist can be distinguiehed. Table 2.5 illustrates the charac-

teristics of the residual soils of the mature and young soils horizons

in this region, as presented by Hessing (1969)



Table 2.6 and 2.7 illustrates the properties of the soilg_at
different locatidg:!where landslides océurred. It is interesting- to
note that the results shown in Table 2.6 presented by‘Var ags and Pichler
(1957) and Vargas (1967#) show an important reduction of the angle of |
internal friction and only a slight reduction of cohesion Also, an
interesting fact is that the soils of Serra do Mar and Santos presented
by Vargas have larger void ratios than those from Rio de Janeiro but

exhibit a much larger apparent cohesion after saturation o& the samples.

According to Vargas (1974), however, his tests are very old
and were not well conducted aqd”associated with the difficulty of ensur-
ing a good s;tpration of the s;mﬁlea in the laboratory. These tests
were also carried'oﬁt 1ong/after the landslides had.occurred and after
some poséible drying of tge.samplgs. Recent tests.(Vargas, 1971a, 1974)
show that, upén saturation, the apparent cohesion of these soils 1is very

low and even zero and the angle of shearing resistance ranges between

28 and 33°.
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FIGURE 2.1 ZONES OF PRECAMBRIAN FORMATIONS IN BRAZIL
(SHADED AREAS)
(After Jones, 1973)
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TOPOGRAPHIC FEATURES OF THE STATE OF GUANABARA

FIGURE 2.2

(After Barata, 1969)
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FIGURE 2.4 TYPICAL WEATHERING PROFILE FOR ‘
METAMORPHIC AND INTRUSIVE IGNEOUS ROCKS
(After Deere and Patton, 1971)
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- FIGURE 2.5 PROFILES OF WEATHFRIN ON GNEISS

IN SOUTHERN BRAZIL
(After Deere and Patton, 1971)
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FIGURE 2.6 GENERAL WEATHERING PATTERN IN A HILL
(After Vargas and Pichler, 1957)
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CHAPTER T1IIX

~INFILTRATION OF WATER THROUGH UNSATURATED
POROUS MEDIA

3.1 Introduction

Vo
Any s0il normally has variations of its properties with res-~

pect to depth. Even a homogeneous soil may have variations of its
molsture content with respect to depth, due to seasonallvariations of
rainfall. Such variations of moisture content in a homogéneous soil
lead to variations in othervproperties. Thus, the permeability which
is considered an intrinsic parameter of a soil for a given void ratio,
varies instead with the degree of saturation or moisture content of

the soil.

As noted in Chapter II, for a constant void ratio, the shear
strength parameters vary with moisture content. “Another property,

the suction in unsaturated soils also varles with moisture content.

A very large fraction of the water falling as rain on the
land surface of the earth imposeé‘a certain fate of percqlation at thf“"
801l surface and moves through unsaturated soilg during the_aubséﬁ;;ﬁt
processes of infiltration, drainage, évapora;ion, and the absorption
of the soil water by plant roots. This alters not onlyvthe moisture
profile with timekbut also all the other soil properties associated

with the moisture content.

The great majority of the soils covering the eafth surface
. . 7



an unsaturated state, in particular the tesidual goils in Brazil
which are of our main concern in this study. Thus, in this chapter,
";2 shall present the theory of infiltration of water through unsaturated

porous media which will constitute the basis of our study.

3.2 Unsaturated Soils

As we have seen in Chapter II, the Brazilian residual soils
are normally in an unsaturated state. Saturatibn of these soils occurs
only at, or close to, the end of the rainy season when instability of

the slopes in residual soils may occur.

Infiltration of water from r‘infall through these soils,

leading to their saturation, has great implications for landslides.

3.2.1 Suction' : ’ ' | A/

[

AN

The pore water in Qﬁaaturated 3oils 1s under a negative pres—
sure or suction, whose magnitude depends on the moisture content of the
soil. Let us consider the model presented by Childs (1967) in which a
body of water external to a soillgs put in contact with it. Under a
suitable suction applied to the external body, there will be moisture
equilit-fym in such a way that the external body ngither gains water
iicr the £0.7 nor looses yater to it. Increasing suction progressively.

de-re: :~e soil v <t content, while relaxation of the suction per-

mits Ll re—er 78.

The : ove fz s -ws the dependence of the pore water content
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on the prevailing hydrostatic pressure, in this case a negative pressure

or suction.

Figure 3.1 {llustrates this experimentally. The‘suction de~
creases (algebraically) rapidly as the moisture content decreases.
When the moisture content is so smail that water is retained only in
t@e smallest pores, or in the absorbed films, the forces holding it are
véry great indeed éfhilip, 1969). Such a curve is referred.to as the
moisture characteristic éurve, implying an equilibrium between the

suction exerted in the pore water phase and the existing soil moisture

content.

It.must be pointed out that although the curvature of the
air-water interface is the principal determinant of suction in iﬂert
soils, it 1s not so for soils of high colloidal content and those very
dry soils, out of our scope. Phenomena related to these colloidal soils
are discussed for example in Childs (1969), but even theyﬁéxhibit a

moisture characteristic curve of the type shown in Figure 3.1.

blThe moisture characteristic curve, however, is not uniqué.
Differences exis; when the soil is under an increasing suction, tﬁus
being progressively dried andrwhen this suction is decreasing and thus
| the soil is being wetted. Such differences occur due to the irregu-
larity of shape of the pore space as explained'by Childs (1969). He
.also explains why—dgring the drying process of the soil, the suction
must be larger (in numericél value) than during wetting of the same

gsoil. Therefore, depending on the direction of the changes in moisture
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content, the moisture characteristic curv;s would no;/be reversible.
The greater the disparity betweén the size of the/i;fge and of the
small pores, the more marked is the difference between the suctidn of
wetting and drying. This difference is referred to as the hysteresis

of the moisture characteristic curve.

Analyses of problems_of infiltration or absorption of wate
into a homogeneous soil would require the moisture characteristic
' i

curve corrésponding to wetting. Cbnversely, a drying curve should be

used in the analysis of suitably ﬁniform processes of removal of soil

water, such as evaporation, etc.

As we shalllsee, however, problems éuch as redistribution of
moisture congent and drainage~hfter iﬁfiltration ceasées, wherein wetting
and drying occur simultaneously, would require knowledge of all the
moisture characteristic curves corresponding to the previous history of

the soil (Childs, 1969).

ES

Experimental evidenqe of the hysteresis as discussed has been

shown in the past by Haines (1930) and is given in Figure ;...

In Figures 3.1 and 3.2 and in those that follow :» "¢ sub-
Sequent analysis, the moisture content will be referred to as the
volumetric moisture content, defined as the ratio between the voiume
of water,pfesent in the soil and the tétal volume of soil. This will
be convenient since‘in our analysis we will be dealing with variations
of volume of water pgéseﬁt in an incompressible soil. Accordingly, the

symbol 6 will be reserved for the volumetric moisture content while
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the symbol w will be reserved for the conventional gravity moisture

content. Some useful relations between these two moisture contents are

as follow:
G
8 = T+o " (3.1)
Ydr
.or: 6 = —IX (3.2)
' S Yw.
or: 0 = nS (3.3)
where the symbols denote:
0 volumetric moisture content
w gravimetric moisture content
G density of soll particles
e void ratio
<) Ydry dry unit weight of the s?il
Yw unit weight of water
n porosity
S degree of saturation

3

.3.2.2 Hydraulic Conductivity

’

\-/‘\

‘Movement of water in unsaturat?d s0oils can take, place through

water films or through those pores full of water at the particular

suction corresponding to the existing moisture content.
3 f

Liquid flow taking place through thin films is slow, as com—

b
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pared with the flow through pores when full of water.

-Air-filled pores would be ineffective in conducting water
through them and they would be filled by water first, prior to conduc-
tion. Thus an empty pore would contribute only negligibly to the total

movement of water through the soil.

Therefore it is expected that the permeability, considered an
intrinsic parameter of a soil of a definite void ratio for saturated
flow, decreases with a reduction in saturation and it will be referred

to as hydraulic conductivity here.

Tt is also expected that for a soll with a certain void.ratio,
the hydraulic conductivity is larger for a larger moisture-content and

that the maximum hydraulic conductivity occurs for the saturated soil.

' If the moisture content of é soil 1s progressively reduqed
‘by a progressive increase of suction, the larger pores are emptied
first and since they are the more effective conductors when full of
water, the early stage of unsaturation represents a'more effective
stage in reducing the conductivity. Besides, as a pore is emptied, it
also becomes an obstacle to\thg passage of water, and forces the flow

to be carried through much smaller andkconsiderably more tortuous

channels.

A typical variation of the hydraulic conductivity with mois--
ture content, as determined experimentally, is shown in Figure 3.3!

It is worth noting that for unsaturated soils, a certain value of the
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moisture content may signify different distributions of the water in
the pore spaces. Thus, different hydraulic conductivities may occur
as a consequence of variations-in tortuosity by virtue of different

water distribution.

This variation of hydraulic conductivity is also characterized
by a minor hystefesis effect (Childs, i969). The existence of a small

hysteresis loop has been confirmed by Poulovassilis (1969).

The hydraulic conductivity depends on the moisture content or
degree of saturation and since the moisture content is related to the
prevailing suction, the hydraulic conductivity will also depend upon

the suction.

According to Miller and Klute (1967), the relation hydraulic

: conductivity-suétion for soils is highly hysteretic, though the re’-~tion
- \conductivity—moisture content is only slightly hysteretic.

r

3.3 Movement of Water through Unsaturated Soils

Movement of water in unsaturated soils may occur in the liquid:
phase as well as in Ehe water vapour present. In the présencé of:ﬁempera—
ture gradients, for exaﬁple, there is transport of water by diffusion
in the vapour phase. According to Philip (19578),‘howevgr, during infil-
»tration,‘liquid phase movement is of much greater magnitude than movement
in thg other phase;  Even diffarences of,vapour pressure due to differ-
ences of hydrostatic pressure produce vapour movements that could also

 be included in a géneral statement of laws of water movement, but this’
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type of flow would achieve dominance only when soils bécome quite dry
and in the presence of large temperature gradients (Miller and Klute,
1967). Therefore, in our analysis, attention will be paid only to the

movement of water in the liquid phase.

3.3.1 Concept of Total Potential

Flow takes place under the combined influence of gravitational
and capillary forces. The former tends to move the element of water to
a lower level while the forces due to differences of hydrostatic pres-

i
sure (capillary forces) at different points in the séil, tend to move

the element of water from a zone of higher to one of lower pressure; in

the case of unsaturated soils, from a zone of lower suction (wetter spil)

'to‘a zone of larger suction (dryer soil) since the suction is negative.

Therefore, the combined influence of both gravity and capil-

larity will control the movement of water and, as in the case of satu-

rated flow, the total potential ¢ can be defined as the sum of the

gravitational potential and the pressure r-*ential.

The gravitational potential of a point in the soil ié aésocia—
ted with a height z of-fhis point wifh réspect to an arbitfary datum.
The pressure potential of the same éoint 1s associated Qith the hydro-
static pressure p that acts at the point and is also reférred to an
arbitrary datum, in our case the atmospheric pressure. Thus, this

hydrostatic pressufe is negative.
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Since this hydrostatic pressure can be associated with a mano-

metric height hC such that:
p = vnh (3.4)

we can write the equation for the total potential:

> = B 4, (3.5)
w
or: ® = h +z : (3.6)

We have adopted tﬁe symbol hc for the manometric height that
indicates the hydraulic pressure because of the capillarity effects
assocliated with this hydraulic pressure (suction). It 1s also called

by the name pressure head.

Now, on a basis of this definition fér the total potential,
flow of water takes place from a point of larger potential to a point of
lower one, §r in other words, exactly_opposite‘to thé direction of the
gradientrof total potential. Figure 3.4 1s explanatory of how movement

of water takes place on a basis of the above concept of total potential.

Examining points A and B we see that both have the same -
suction (hcA = th) and, therefore, the moisturé éontent is of quai
dryness at .A and B. However, movement of water “takes place from B
‘té A sin;e the total potential @B is greater than the total poten-
tial ¢A. - The soil at poiht C 1s at a dryer state thaﬁ pbint B,

since th > th' but since both of the total potentials are the same
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(¢C - oB) movement of water does not occur between these two points.
Finally, moisture must move upward from point C to point D since

¢C is larger than ¢D » but point D must be at a considerably higher

suction than point C to cause the upward movement.

3.3.2 Darcy's Law for Unsaturated Soils

It is well known that flow of water through saturated porous

media obeys Darcy's law that can be written generalized for a three-

dimensional canal as:
[ AL o (3.7)

where ﬁ is the vector flow velocity, &. is the total potential and

Ks is the permeability or saturated hydraulic conductivity.

Questions arise as to whether this same law.would apply for
unsaturated soils in a modified form, where K, the hydraulic conduc~

tivity as a function of moisture content would be substituted for the

permeability —Ks'

Although Richards (1931) has assumed Darcy's law to be valid
for unsaturated soils under the assumption that thevhydraulic caﬁduc—
tivity as well as moisture content could be treated as (nonhysteretic)‘
functions of the pressure head (suction) and Miller and Klﬁte (1967)
have reported the use of the modified equation of Darcy's law to be

widely accepted as a practical success, experimental evidence 1s needed

to test its validity.



Experimental work has been carried out by Childs and Collis-
George (1950) keeping moisture content and suction uniform down a long
column of porous media. In this way the potential gradient was due

only to the gravitational component and variatioas in it were achieved

by inclining the column to several angles with respect to the vertical.

Aix,

They found that the rate:

proportional to the pqgeqﬁiz

materials. RS

B, \

Thus, Darcy's law fbt*f$£~f¥ow of water in unsaturated porous

media can be written in the modified form: ' ‘

- K(6)Vd oo ' (3.8)

-
]

where K(8) , the hydraulic condudﬁivity of the medium, is a function
of moisture content, for a given soil with a particular void ratio.

The other symbols are as defined previously in Equation 3.7.

3.3.3 General Equation of Soil Water Transfer

'S

The generalized Darcy's law relates flow velocit& to driving
forces. Since the soil is not saturated, movement of water would change
the moisture of a certaiﬁ volume element, and the condition of conser-

’
vation of matter or the requirement of continuity should be applied. If

the rate of change of moisture content 6 with time t 1is expressed by

36/9t , then the later requirement can be written as:

20 > .
= o= - V.U | _ (3.9)
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Combining Equation 3.9 with Darcy's law (Equation 3.8) we obtain:

30 -
= = V- jx(e)v¢] (3.10)

<

If now we substitute Equation 3.6 in Equation 3.10, we then have:

¥ | g, [K(9)Vh_] + g%fg; @I

This last equation is the general equatidg that governs the
flow of water through unsaturated soils. We have seen in its deriva-
tion that use was made only of the definition of total potential,
Da:cy's law and of the requipement of continuity. In this way, Eqda—
tion 3.11 is quite general as well as Equation 3.10, and they apply
équally well to both homogeneous and heteroéeneous soils, and ther- is

no requirement that the functions K(8), hC and 6 should not be

hysteretic (fhilip, 1969).

If we assume naqw tﬁat‘our problem is one of only wetting or
only drying, then hysteretic effects could be avoided and in this case
the functions K(8) and hC would be singie-valued functions of 6.
We can then define another quantity, D , also a single-valued function

of 8 (Figure 3.5), such that:

L dh
- _c
D = K@) g3 , (3.12)

=

Substituting Equation 3.12 in Darcy's law (Equation 3.8), we obtain a

new expression for Darcy's law as: {

U = - (DV6 + Kk) (3.13)
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whose components of velocity are:

06 '

A\ = -D T ) . (3.14)
98 - .

: = - D — : .o .(3.15

Vo 3y ; | ( )
39 | -

vz = - D 32 K ' . (3.16)

The velocity of flow is proportional to the moisture gradient, the para-

meter D expressing this proportionality.

Equation 3.14, for example, has been pointed out by Childs and
Collis-George (1950) to be of the form of Fick's law of molecular diffu-

sion and by analogy D 1is referred to as the diffusivity, although;this

f

does not imply that water moves through the pore space Bf a porous/media

by molecular diffusion. i /

/
/

The general equation of movement can now bé written as:

F1: - 3K (0) |
== Ve V) + (3.17)

This is a more tractable form (Philip, 1969). Many problems can be

solved by using either Equatioh 3.11 or Equation 3.17 in the one-dimen-

sional form, written respectively as:

' oh - =
3@ . 3 o e IR(6) .
i PR P L P (3.18)
. 38 _ 3 3K(6) |
and: St - 33 oy (3.19)
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Thus problems like évaporation, drainage, verticalbinfiltration, redis-
tribution of water could be solved by use of the approﬁriate boundary

conditions and of the appropriate functions K(8), hc(B) and D(8).

3.4 Infiltration

3.4.1 Physics of Infiltration

When avallable at the surface of an unsaturated soil, water
will enter into it due to the combined effects of gravity and capillary
forces, both effects acting in a vertical direction to cause percola- "
tion downward. This process of entry of water into the soil is referred
to as infiltration. qdééillary forces may also act to d;yert water
laterally from larggrﬂéééés to capillary‘pore spaces, aithduéh when
water is available in large quantity and over a larée area, ;sﬁwell a?
on a horizontal soil surface, lateral absorption would not be relevantfl

to the general flow, and thus infiltration would take place in a one-

dimensional paftern.;l
IR

RN

3.4.2 Infiltration Rate

The infiltration of water is characterized by a rate that dg—
pends on fhe:initial degree of saturation of the soil, on its porosity,

on the hydraulic conductivity and on the prevailing suction.

The maximum rate at which a given soil under a given condi-

tion can absorb water is referred to as the infi%ﬁration capacity.

When water is made available at the soil surface, from rain-
. : Y

-

5l
s I
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.fall, as we shall see, the rate of Mifiltration will also depend on the

rainfall intensity.

Let us consider initially a dry soil that is suddeni¥ flooded
‘ -

at its surface. Darcy's law for the vertical infiltration can be writ-

ten as: j
13
_ .96 .
v, = D Er K (3.20)
and immediately after flooding D and K are suddenly given their e
maximum values D and K corresponding to saturationm, thus: -
sat sat ) ~
38 '
= - ~ - .2
V2 Dsat az Ksat . G -1)

X

However, just below the saturated surface, the moisture con- .
)

ter . 1s ot affected instantaneously{ Thus, the moisture gradient is w

initl Lly positive and infinitely steep and the rate of infiltration

v, is initially very great.

Since belo& the gg:::;:ed\::;face the conductivity and dif; u

fusivity have their initial min mum values corresponding to the initial

moisture content and the moisture gradient _ds very small if not zero,
L ! 7
, OEE‘4 locity of flow should be accordingly very small, and therefore

i

he large 1nfiltration rate at the surface would be responsible for an

}ncrease of;ﬁoisture content of this subsurface soii' Thus the process

L gl
Rt

;18 characterized by an advance of a saturating front or,. as it will be

referred to, ‘a-wetting front.
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As the wetting front advances to greater depths, D and K
remain at theilr saturated values but the moisture gradient decreases
and consequently there is a reduction of the infiltration rate with time.

With penetration of the wetting front, the moisture gradient i: still

 jreducing and becomes vanishingly small. As a consequence the rate of

infiltration tends asymﬁtotitﬁlly to its value Kszz. Figure 3.6
i1llustrates the vg;igtioﬁ of the rate of infiltration with time.
et ué'céﬁsidéfvnow the case of a homogeneous soil with an

i

a rainfall of Gonstant intensity 1. ‘,SA& this 'soil has also a satura-

uniform initiak-moistdfe content 6, and let the soil surface be under

‘ted hydraﬁliéicoﬁduétivity Ksa . The rainfall intensity as compared

t

to the saturated hydraulic conductivity will determine not only the
Infiltration rate but also.the final moisturg Eontené‘of the soil.
Thus, a rainfall intensity I 1owgr than the'égturated hydraulic con-
ductivity will determine . -al moisture conte;t 6u such that satis-

fies the°éguation,(Braester, 1973; Childs, 1969):.

I = K(6) : (3.22):
In other words, the final moisture content;would be thét value corres-
ponding to which‘the hydraulic conductivity eﬁuals the rainfall inten-

sity.
-

Conversely, if I .is larger than or equal to ﬁKsat then

saturation of the soil surface would be achieved and éu = esat'

It should be noted,.however, that the final moisture content

A}: LN,
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N,
\\

e

Bu will not be achieved instantaneously or immediately after rain 11
starts. As pointed out by Braester (1973). three typical stages can be
distinguished during the inf{iltr:tion ;rocess, according to Figqre 3.7.
Firs. .nen infiltrdtion is domi r capillary forces, thejmoisture'.Q b
content at the surface increases gradually. This is represented by ig*ﬁéu
curve a in Figure 3.7. In the second stage the moisture content at the

soil surface reaches its final value eu (curve b) and finally the

moisture content profile reaches a fixed shape and moves downward.

With respect to the infiltration rate, three distinct cases

exist according to Mein and Larson (1973), as*illustrated in Figure

A

3.8. .-.re, depending ¢m the rainfall intensity relative to the infil-

i

tration rate, water may be entirely absorbed by the soil or may

accumulate and flow from the area as surface runoff.

When 1 1is less than Ksat , all the rainfall infiltrates
with a stant infiltration rate represented by cmrve A in Figure
N

3.8, ana thus runoff does not occur. The moistuge content is increased

from its initial value ein to its final value determined by Equatﬁon

3.22,

" If the rainfall intensity I 1is larger than the saturated

hydraulic conducti%ity Ksat but less than the infiltration capacity,

saturation of the soil surface will occur for a period of time referred
to as the time of saturation of the soil surface. During this time,
all the rainfall infiltrates #nto the soil and the capacity of the soil

\

to absorb water decreases until it becomes less than the rainfall in-
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tensity. Atsthis point, water Begins to accumulate on the goil surface

and runoff can begin. In Figure 3.8, this event is represented by line

B, followed by curve C,

Finally, whon the rainfall intensity is larger than the satu-
rated hydraulic conductivity and than the 1nfiitr%Fion capacity, this
stage could be represented oy the previous one for a very large rainfall
intensity in such a way that the time of surface saturation would be
"oegligibly small. Thon, the iofiltration rate 1s at capacity and de-
croasing while runoff is being generated. This case is represented by

curve D in Figure—g.ﬁ;

3.4.3 Moisture Profile After Infiltration

-

As noted previously, infiltration of water through oﬁxuns \h—
rated soil takes place characterized by the advance of the mois¥ide
profile. One may, however, distinguish several zones in the advancing

moisture profile.

Bodman'aud Coléman (1944) measured the water couteno distri-
bution in a vertical soil column during infiltration from.a ponded
~surface and delineated four zones in the moisture profile as 1ndicated
in Figure 3.9.

1. Zone of saturation, of a.small depth at the soil surface. y
2. Zone of transition, where the moistufe content would present a

AY -~

reduction.

3. Transmission zone, an ever-Jengthening unsaturated zone of fairly

uniform moisture content.
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4. Wetting zone, where the moisture content increases as infiltration

proceeds. N

The presence‘of the transitionbzone has beeﬁ explained to be
due to alterations of soll structure or of packing near the surfac;
(Miller and Klute, 19675. “ Philip (1957a), however, suggests that in
th;s regiop the relation between_waterﬁﬁgg}gﬁgiand pressure 1is depeg-
dent on the depth because of air bubblegjentrabped below the saturation
zone. This fact would lead us to conclude that for coarse soils this
transition zone would not be very prénounced and, in fact, for random
granular materials, curves by Youngs (1957) do not show the transition

zones and the moisture profile seems to be really sharper for coarser

materials, as illustrated in Figure 3.10.

A
r)

3.5 Redistribution of Moisture Content

' . i (,* ¥
We have seen in the previous section that rainfall will give-

rise %o _infiltration of water into the soil characterized by the advance
i . .
of a wetting front with time. During the rainfall the advance of wet-

ting front proceeds always at greater depths.

A rainfall, ho&ever, islnbt characterized only by an intensity §f

5] -

but also byﬂa certain duration so that after rainfall ceases, changes
~ « .

will occur in the moigihtg_prgfile as determinéd by the infiltration.

,‘ .. " ? , 2t - . "
" Let us suppose that at the instant that rainfall ceased, the

wetting front had achieved.a.§§q%ainrdepth and’ that the corresponding

moikture profile is reﬁresented by curve 1 of Figure 3.11. One may

.
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distinguish with respect to this curve, two zones in the moisture pro-
file:" an upper one, conventionallyvsaturated and a lower zone, below
the wetting front where the moisture content is still the initial one,

or say, the moisture content previous to infiltration.

i /( P
At the time rainfall ceases, according to Childs (1969) there
1s not an instantaneous change of the moisture profile and the poten-

tial gradient must, for a brief time, be altered so that the water move-

ment and the penetration of the moisture profile must continue.

In order thét this movement of moisture continues to deeper
soil, since there is no longer infiltration, there will be a withdrawal
of water from the saturated upper zone which must, from this time on,

decrease in moisture content while the moisture .content of the lower

zone still increases. Therefore, cessation of;f infall is characterized

.3

by a redistribution of the moisture content in ﬁbe soil as is observed

in Figure 3.11, where the other curves 2, 3,.etc;, represent subsequent

stages of redistribution. P

-

‘It is thué possible to> hote that during redistribution, ;he
moisture content decreases in the unper zone, increasing in the lowér
one, & For a large time after redisﬁribution started, the moisture pro-
file will be approximately unif>rm. This uniform moisture content,
however, is less than that corr:sponding to saturation but larger than
the initial one-prior to infiltcration. The curves illustrated in
Figure 3.9 have been obtaihediexperimentally»by Childs who used columns

of sand. _ T - . ;
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Other features of the redistribution process can be observed '}
by analyzing the experimental curves o.cained by Young (1958) and il-
lustrated in Figures 3.12, From this we see that the greater the
- ;jl"\ .

inis 1 depth of infiltration, the greater the moisture content after

redistribution for the same material.

Analysis of problems of redistribution of moisture can be

made through Equation 3.18 written in one—dimeﬂsional form, but 1t is

worth noting that in this type of problem, the functions hc(O) and

f

_K(G)V;ate hysteretic.
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Gravimetric Moisture Content

FIGURE 3.2
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{

RELATIONSHIP BETWEEN WATER
CONTENT AND SUCTION FOR
QUARTZ SaAND, 0530 - 0.25mm

Capillary Suction

HYSTERESIS IN MOISTURE CHARACTERISTIC CURVE
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- CHAPTER 1V ’ .

SOLUTIONS TO THE INFILTRATION EQUATION .

Y

4.1 Introduction

w .
In the previous chapter Ve saw h@w movement of water takes
LM .
place through the unsatutnted soils in a general way and also particu—
e *
larly in the case of one—dimensional ver éal Li@ﬁation. The gen—
( ';. - ‘ ' - oW
eral equation of the ‘movement of water QF

1y
by

. ng.and it was pointed

out that any kind of flow problem could be .solved, in the first ins!ﬂnce, “5

4
numericaliy, by use of Equations 3 ]l*ﬁt @,17 in the general form or by
use of Fqué%%ons 3.18 or 3.1% in the particular gase of " one—dimensﬁgnal

“flow by defining the appvopriate boundary and initial Egnditions réle--

vant to tﬁd ‘type of prdhlem}concerned o

¢ g T . . ' .

A
Here we will be concerned with the soix%ionS’of the one-

G

dimensionai vertic?l infiltration problem wi expressed by

£

e 3 9 38, 9K . v
/\‘ 5 3t - 92 P3P T3z SE Y

¥ v, o &
Equatic 3.19, w:ﬁen here for convenience as!

ta

L8

<

uhere z 1s the vertical distazce, taken positive downward. An analy-

tical” solution obtained directly from Equation 4.1 and expressed as the

variation of moisture content as a function of the distance z and
v ”

time t : L . o

8 = 0(z, t)- | (4.2)
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or a varilation fror it, such as: W . o

MH..“ «

" - =200, ) (4.3)

Mt

would be high esirable for-the type of .problem we are concerned with
since it woul . faciitate computation of moisture prakile as a function

of time, and so, prediction of the advance of the wetting front with

. time.

Such solutions have not been obtained yet for the general

condition where the parameters D, K and hc aré}functions of 6.

L] LAt

Analytical soluﬁions exist for particular cases sugh as the solution

. n > o . .
for the absorption problem with constant diffusivity. .The'p;oblem of

A

absorption is eipressed by a particular form of Equation 4.1, where

the term 9Kf3z does not appear. Thus, this equation written as:

N L r@

(%

0 _ 3. . 90 .
5E// T 9?3z (D Bz) - . gA.A)

S - .

. ! - v N
wculd be applied only to horizontal flows or to vertical flows through

= N

- fine-textured soile ip which the influence of the moisture gradient is

much moré'important than that of gravity, this latter belng then neg-

~

lected.

»

'/ In"the case of constant diffusivity, Equation 4.4 above is

_the same as thap for‘heatiflow diffusion énd has been solved anglyfif

\

cally by Carslaw and Jaeger (1959);

Philip (1955, 1957a, '957b, 1969) has obtained what he calls

"quasi-analytical” solutions fo: Equation 4.1. Adécording to him, these

:l'

-l



T
e : 73.

are solutions where the basic form of the solution is established by

the methods of mathematica%néqaiygis glthough the coefficients that

appear in that solution are determined by numerical methods. Because

of the advantag: of these solutions over the numerical solutions,.iﬁ

the way that they provide a better understanding of the phénomenoﬂ of
3

infiltratiop and also in providing an easier mapner to treat the solu-

tions, we.%?all deal with them.

138

It must be pointed out that éincg we will pay attention only
to the vertical infiltration problem and thus, wettinngf“the soil,

hysteresis effects in .hc, D and K will not be considered here.

M

M - e
T 2
.-‘AA ! )

'?itwii‘f As we shall see, Phi}i?'s_aoiution_to the vertical infiltra-

LI

DR

fibnypioblem;makes¢hse of ﬁﬂé-solutﬂﬁﬁldfﬁtheféimple form of the ab-

" X
sorptiot problem. D . *\:ga

Finally, a solution that takes into account the rainfall

intensity and presented by Mein and Larson (1973) will also’be discus-
: * ; P
sed here. : & - o .
g .

ERTT A
Wt v

oy , , ; .
In all these solutions, it will be assumed: that the initial" =

moisture content of the soil profile prior to infiltration has a con-
e 3 t ‘1) R .
stant value and influence of different initial values‘gn the solutibns

will be analysed. : .

r

e

" 4.2 “Boiinda?y &nd Initial Conditionm . -.. -

We will be- concerned exclusively with infiltfation into a



74.

semi—iﬁ%inite soil mass at uniform initial moisture content. ein' The
! n,

semi~-infinite medium can be either a horizontaly(in the case of the

absorption problem) or a vertical s0oil column of semi-infinite length,

with one boundary of the flow ﬁ&dium being =z = 0.

Therefore, the first condition of initial moisture content

can be expressed as: N
6 = 6, , t=0 , z> ._0', - (4.5)
: 2 T e
We need to know the bo%adary condition at = z.-= 0. This’can be either
A 5 s S : .
b ; v @

a moisture content at the soil surface or a hydroétatic pressure or a

- constant flux imposed by a rainfall. ) jv L

Philip's development that assumes the
—

soll surface to be suddenly.flooded, conseq tly at a moisture content

corresponding to saturationa

As noted before, water from raintéll does not saturate the
soll siurface instantaneously but there is a certain period of time,
referred to as the time of saturation of the soil sorface, for which

-saturation of the soil surface rs‘achieved. For -a very intense rain-
fsli, the time of saturation of the soil surface would be smeii and«

Philip's solution would apply, although it makes no reference to the

rainfall intensity.

©L .‘ ’ TJ'iﬂ

Hein and ‘Larson' s solution ace%gnsg for this time of satu-

-2 )

ration, dependent\not only on the rainfall intensity but also on the

. . /’. | 3
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v

initial moisture content and on the unsaturated’properties of the soil

" guch as the ‘suction and.tne hydraulic conductivity.

For a soilrsuéface-suddenly flooded, the initial condition

can be expreseed'as: ‘ _ o »
: O o
8=0,, - 270, F2 % (4.6)

-

Just to illustrate hoy a change of boundary conditions would

e

B

9

describe different problems, if in conditionsfh.S; B;n is replaced

Py  eéat nnd in conditions 4‘6 "esat‘ is replaced by a noisture conjv

v

L ony ¢ .then Equation 4 4 and the modified boundary condi—

desd%ibe the removal uf Watgr by the application of a constant

N P}
5 .

suction at the soil surface.

PR
‘
-

4.3 Philip's Solution

As mentioned before, gﬂilép s solution for the vertical in-
filtration equation makes use of the solution fo& the absorption

roblem or horizontal infiltratlon.
O " 1,1
‘ )

R A : _
"4.3.1 Honizontal Infiltration

“

o~

.

‘This is“the-simplest special :ase‘of'Eouation 3%17"§Bdt can

A _ - o
i be written,'éinee ﬁraviti is not considered:
s . ot . ~ . «
36 _ 2 3 o g
\. - = —_— EASA
S at . ox @ X . (4.7)

ere x 1is the horizontal distance. 1t will be solved subject to the

AN
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as described by Philip (1957a) and in detail by Philip (1955).

t=0 , x>0

x =0 ,

76.

(4.8)

Basically his method consists of using the Boltzmann trans-

formation:
)

Yy, = X

e 1/2

(4.9)

thus reducing Equation 4.7 to the ordinary differential equation:

% do
2 dy

.~ )

If both sides of Equation 4.10 ar

following'equa@ion inlvhiéh 6 1is-the. independent variable:

L L
) 2 '
Integration leads to:
0
[
. in
r ) gﬁi‘i“! ._AJ- '
subject to conditions:
8 = .8
sat

Philip

L

4

ds

HUA. 5
A
e multiplied.by d¥/d8 , we obtain the

9_@ ““““
(D qw)

- 2D Em; i f? .

(4.10)

(4.11)

_(4.13)°

(1955) then solves Equation 4.12 subject to- conditions 4.13 by

means of forward integration with one initial condition determined by

oy
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trial and improved by iterations, giving:

p = P(®) _ ‘(4.14)

LY

which enables us to calculate the horizontal moisture profile from:
\89

w(e)t:l/2 ) ‘ , (4.15)

N

1t

X

where the distance x 1s expressed as a function of moisture content

8 for each time t specified.

4.3.2 Vertical Infiltration

The . vertical infiltration e&uation is our Equation 4.1,

written as: = - - .
o

0 _ 3 5 X . (4.16)

where z '1s the vertical ordinate, positive downward. The governing

conditions are:

6 =0 . t=0 , z>0
in . .
B % 7
-»9=¢ 7, z=0 , t>0
. sat -
v 4 ' ! '
¥ ’ 14

Philip (1957b) developed a numerical.appgoach to solve Equa;ibn 4.16

i - 7 - ’ .
subject to conditions 4.1’& First, he introduces the equation:

== = -— (g
. ’ ax' ax' |
» ’ . o ’ » ) g

subject to comditions: ) ’ : g et

& 29 . . 8y | - (4.18)
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Al
“..,.u‘ . 0 =06 R t=0 s x' > s
“w:“(g}:-“u‘ . in ﬁg 'E:j .
bt VY ‘ (4.19)
=296 , x'=0 t>0
sat -

The solution x' = x'(0, t) 1is of the form:
Q

K = pe)et/? (4.20)

and is readily evaluated by the previous method and described by Philip
(1955), giving a first estimate of z. Philip first transforms Equa-

tions 4.16fand 4.18 to the forms that make 6 the independent variable,

giving respectively:

.

: bz _ 3 28 _ BK
| "ot 7 %6 Pz, T % - (4.21)
R e
. stk h
! \}*‘;\r“"} ;
SCE S T CURS (4.22)
ot 30 o )

With x' from 4.20, he expresses the exact solufion 2z of Equation

4.16 as:

N ;v o \) . “.23)
Y ] ' ‘ ¥

where xi\ is the error in x;}/made by considering x' Y of horizontal‘

flow, -the solution 2z Tor vertical flow. ' 4 )

) J \ “ . . . ~

’ . . . M v.\‘
- : I

To evalugté mathematically the error y , he subtracts 4,21
- “r“‘;‘} .v/'.'
e . /

from 4.22 ogﬁgining: - = - Y

k!

(o34
t
QL

_ . ) )
| 5 ¢ ax'g?%) +'ﬁ6 - (4.24)
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(o4

v
. oo :
AW"’“"‘ *
o PN AR

where y ; from\Fquation 4,23 1is:

y = z-x' : (4.25)

Unable to solve easily Equation 4.24 fof, y , Philip finds an approxi-

mate solution y' to an equation that he derives from Equation 4.24
o )

by assum g that:

. | (4.26)

-

¥

v 2 !
y' o |pR,y L 3K okl 4.27
3t 38 | 2 35 T - (4.27)
™ X . E ' ) “.
, . o VASRE T
where y' 1is written for y , sinc: the use “of approximatié% Qx@ﬁ ,xtpyl
_ S A‘, v - ".
implies that Equation 4.27 cannot give y exactly. “
) ) A
By making:iuse of the transformation: v
X = y't .. L (6.28)
iy ,
Equation 4.27 is reduced to-the‘ﬂiginary eqhation:
. dK . T
= —\ -
N X - (P dH) 10’ (4.29)
0 e . .
: ‘ s "
\ R _ o o : ~ N
in which: : , : - .
| L
lt— 1/2 )

agd: . Yoy = x ' (4.31)

e
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Integration of Equation 4.29 gives: .

6
[ xd6 = P gé + (K - Kin) . (4.32)
ein

subject to condition:
6 =296 , X =0 (4.33)

where K is written for the value of k at 6 =9, .
in , in

d \

Equation 4.32 subject to 4.33 is simply éélyed ﬁumefically;

i e

=y

The new residual error:
s = y-y | SRR N O 15

T ;] ’ . . ' .' N .
is then introduced. The solution 2z to Equation 4.16 now becomes, ou.

placing 4.34 1in 4.23: ‘ , - o ' %

z = x'+y' +s S o /~v'. (4.35)

.
The error s in using y' in place of ¥y may be formaleted from

oﬁquation 4.34 and Philip derives a differential equation in s given

\

by: : ,‘ . i BN
’ e ) ' : e -
' , . : ] N . )
3s = 2_. p 39 Q§§ - éz_.éx) . (4.36)
at 9P 3! 92 5x! 92 .

'

Again Philip does not solve Equation 4.36.  Instead he, solves a similar
v . ' ~
equation where 8' approximates and replaces s . in such a way that:

s = ; 5;_+ w ' ' - (4.37)



where w 1is the error made in using 's' as a solution to 4.36. Thus,

placing Equation 4.37 in Equation 4.35, we see that our solution z
1 .

4

to Equation 4.16 becomes:

~

z = x' ¥Iy' + 8" +w . (4.38)

The procédure above may be repeated with new residuals as often as

required to give the necessary accuxv. The splution‘ is then found as

a Powérpseries ingh;l/z; )
da .
o z = ‘P.tllz + Xt + 032 & w? 4
i | L " (4.39)
. e @24 ST

. N " B
. - %

¢4

in which the coefficients w,.x,'¢, w, .z.,'fm(e) are functions of 6 ™

;élufions of a series of ordinary equations that can be
. S “AN o Ce ’
solveéd by numerfgal methods. '

: R v | ?1* i-
In general, ‘fm(e) 15’ solifed“by:

which are thé

o
%

df
i m 2 , -
P FER k Rm ) (4.40)
> i
] ' N
8=0_  , £ =0 I _ (4.41)
! . - . i E

In Equatidn.&rddyf_Ra is a function of 6 which may be deter-

N

m

, -
mined from Kin’ sat’

D’ llu’ X!‘¢, w, ---,f "l.

/

.

4.3.3 &umulative Fafiltration

Water ‘that infiltrates.into the soil will cause an increase
N . —‘ g I

oy
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of moisture content of the soil profile.

1

The cumulative infiltration q, is defined as the time integ-
ral of the flow velocity at the soil surface, and is equal to the change

of moisture content in the profile plus any water that passes out of the

bottom of the profile, il.e., q_.

We have seen that Darcy's Law for the vertical movement of

water, can be expressed as:

D(4.42)

e
e o L;/.‘,%'{' ) - ’ N u;.‘. ‘ :
At infinity, since the mofgture content is uniform at its value ein’

the moisture éradient is zero and K assumes the corresponding value
¢ 4 . ¢

Kin' Thus: . ) -
v, = Ko v | . (4.43)
A
and: | ' ‘ - q, = Kt L (4;44)

g

If we write the moisture éhange after a time t as theJintegial;

-
-~

'

moisture change =

M——3

@ - 2Z=0

L

that is the area of the moisture.prbfile over_fhe dépth'»z-,-ﬁé can

express -the relation: ' o o
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but the moisture change can also be expressed is:

© sat
moisture change = J 6 - Oin)dz = J zd%\ (4.47)
Z=0 ein -
Therefore, we can write for q,
0 *
sat
= 6 + K ¢t .
qO J zd in (4.48)
Gin

By substituting Equation 4.39 in Equation 4.48 we gert:

1/2 3/2 2

q, = Alt + (A2 + Kin)t + A3t + A4t + ... (4.49)
where A1 is called sorptivity by Philip and:
sat
Am = f fmde (4.50)
ein

4.3.4 Infiltration Rate

The infiltration rate i< the flow velocity at the soil surface,

i.e., at z = 0. It can be obc-i : by differentiating Equation 4.49

with respect to the time t. Thus:
) aqo
Lf(e) = Il (4.51)

Substitution of Equation 4.49 in Equation 4.51 vyields:
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—l—At—l/2+(A + K )+~3—Atl/2+2/\r+
2 2 in 2

4.52)

4.3.5 Results of Philip's Solution

Philip's solution needs the parameters K(8) and D(9) de-
fined a priori for each moisture content. The hydraulic conductivity
K(6) 1s determined from laboratory tests and the diffﬁsivity can be
either ( termined directly in the laboratory or from the Equation 3.12
that defines it, provided that the suction 1{s also determined through
l-boratory tests. Here we present the results of Philip's solution as
applied to Columbia Sand Loam, the properties of which are shown in

Table 4.1 and Filgures 4.1, 4.2 and 4.3.

His results have led to the conclusion that the depth of the

wetting front could be expressed ag:

z =__at + bt (4.53)

-~ ct, this equation applies very well, at least for small times. As
the tiﬁe increases, other terms must be added, since- dué to the power

of time, the subsequent coeffic:ents of the equation start influencing
the values of the depth =z. However, as the time ¢t becomes large,‘
depending on the soil, Philip's solution fails as we can see from the
curve of the infiltration rate with time shown in - ure 4.6. As time

increases, the infiltration rate decreases to its smallest value equal

to the saturated hydraulic conductivity and for large times Philip's
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solution for the infiltration rate departs from this general behaviour.

‘n caet, Philip (1969) shows that a suitable criterion for
practical convergence of his series, as determined by him empirically,

would be:
: 2
S
s . In

where S , called sorptivity, 1s edual to:

sat
S = A, = J yde (4.55)
6in

Thus, for values of t smaller than those given by Equation 4.54, con-

vergence should occur.

Equation 4.52 for the infiltration rate could be written,
accordingly, with two terms only and since its value should converge to
the saturated hydraulic conductivity, Miller and Klute (1967) have pro-

posgd the expression below:

1, -1/
£ = 5 Alt + Ksat (4.56)

The corresponding curve is also illustréted in Figure 4.6.

Philip (1969) develops another procedure for large times but
from Equation 4.54 these values appear to be beyond our concern. In
Appendix A we present the program to compute the moisture profile as

well as the infiltration rate with time following Philip's solution.
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Figure 4.4 1llustrates how the moisture profile advances with
time. We see that Philip's analysis predicts all the zones of Bodman
and Coleman (1944) except the transition zone since the diffusivity 1s
not a unique function of moisture content in this zone because of fewer

entrapped alr bubbles near the surface, as explained by Philip (1957a).

To show the advance of the wetting front with time as 1llus-
trated in Figur~ 4.5, we have taken the moisture content at the wetting
front wa as the average between the initial and the final moisture

content, as expressed by Equation 4.57 below:

= 1
wa T2 (em * Gfin) (4.57)

The results show that for small times, Philip's theory gives
very high value ‘or the infiltration rate (Figure 4.6) decreasing,
however, very rapidly with time to the saturated value of the hydraulic
conductivity. This leads to a very large rate of advancing of the
wetting front in the beginning of the process but as the time increases,
this rate also decreases tending to a constant value, as shown by Philip

(1969) to be given by:

K - K
u = G2t dn (4.58)
| 5 -8,
- sat in

4.4 Mein and Larson's Solution

4.4.1 General Considerations

We have seen in Chapter III that water from rainfall does not
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guturate the soil surface instantaneously as assumed in Philip's solu
tion. As the moisture content at the soil surface increases, there 1is
also a corresponding infiltration to a shallow depth at the same time,
as described in Chapter III, and saturation of the soil occurs for a
certain period of time and at a certain depth. The time of saturation
as well as the corresponding depth depend #n the initial moisture con-
tent of the soil profile, on the rainfall intensity and on the porosity
and hydraulic characteristics of the medium, related to the hydraulic

conductivity and suction of the soil.

To account for these effects, Mein and Larson (1973) have
proposed a different solution, without departing from the infiltration
equation. Although they discuss the existence of three distinct cases
of infiltration, depending on the relative magnitudeé of rainfall in-
tensity, saturated hydraulic conductivity Ksat and the infiltration
capacity, the case of interest here is the most frequent case of rain-
fall intensity larger than Ksat' In this case, huring saturation of
the soil surface; all the rainfall water infiltrates and the moisture
cén;ent at the surface increases until surface saturation is reached.
After this time, the infiltration rate decreases and surface runoff is

generated.

'

4.4.2 Solution to the Vertical Infiltration Problem

Assuming the moisture profile at the moment of surface satu-
ration to be approximately as shown in Figure 4.7, the area above the
new moisture profile is the amount of infiltration Fs up to surface

saturation.
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Let us consider the shaded area in Figure 4.7 to be equal to
the above mentioned area where the depth 28 is chosen to be the depth

of this saturated zone. Defining the moisture deficit Md as:

M, = 0 -8 (4.59)

F = M 2Z (4.60)

Let us write Darcy's law for this condition as:

v = - K(8) g% (4.61)

where v is the flow rate
‘K(G) is the hydraulic conductivity
¢ is the total potential

z is the depth below the soil surface

Adopting the subscripts 1 and 2 referring to the surface
and the wetting front respectively, and assuming the hydraulic conduc-
tivity to be equal to the saturated value Ksat » We can write from

Equafion 4.61:

¢, - ¢
2 1

Taking the potential at the surface ¢l as 0:

Sk = -2+ ) (4.63)

where hav i8 the average capillary suction at the wetting front.
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At the moment of surface saturation, the infiltration rate

is still equal to the rainfall intensity I, so that:

h v + Z
a s
I = K — .
sat Z (4.64)
8
which, combined wi'h Equation 4.60 gives:
h v Md
Fo= 2 S (4.65)
s 1 1
K
sat

This predicts the amount of infiltration prior to runoff and the time

to the beginning of runoff is:

F

=]
b= (4.66)

7

After saturation of the surface, runoff begins and the infil-
tration rate starts decreasing. Assuming that some time after the
surface has become saturated, the moisture profile can be represented

by Figure 4.8 and applying Darcy's law again, we have:

h + z
f = K av.__ (4.67)
sat z .
where f . is the infiltration rate
z is. the depth of the wetting front

L

In Figure 4.8, F 1is the cumulative infiltration at any time

and is related to the depth 2z of the wetting front through:

F = M,z ' (4.68)

Thus: z = g— (4.69)
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and substituting Equation 4.0/ in Equation 4.69, we get:

>

A h Md
s av
= K
f sat {} + F ] {(4.70)

Since the infiltration rate is the flow velocity at the soil

surface, it can be obtained by differentiating the cumulative infiltra-

tion with respect to time. Thus:

f N (4.71)
dt )
and substituting Equation 4.71 in Equation 4.70, we obtailn:
dF A
ar . + = .
dt ksat F (4.72)
where: A =K h M, = constant (4.73)

Integration of Equation 4.72 with the lower limits Fs and ts yields:

A KsatF + A

_ WA .sat 0 = + K _ .

F K log K F + A Fs sat(t ts) (4.74)
sat sat s

Equation 4.74 can be solved for a particular time, by iteration, giving

N

the cumulative infiltration F , and with this value, the depth of the

wetting front z 1is computed through Equation 4.69.

It is worthy of mention that Mein and Larson's theory does not
predict the entire moisture profile but they assume the soil to be gatu-
rated above the depth of the wetting front and, therefore, predict the

advance of the wetting front. Another point of their theory is that the
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average capillary suction hav can be obtained from the moisture cha-
racteristic curve, by integrating across the wetting front over the

range of moisture content Oin - Oqat' They, however, prefer to inte

grate from the relationship of suction versus hydraulic conductiv ‘v,

over the full range of moisture content. Thus, if the relative hydrau-

lic conductivity kr is defined as:

K - Kin
kr = ﬁ— . (4.7))
sat in

the average capillary suction will be simply the area under the curve

suction versus the relative hydraulic conductivity between kr = 0 and

k =1 or:
r e

1
hav = j hcdkr (4.76)

0

4.4.3 Results of Mein and Larson's Solution

The analysis with Mein and Larson's solution have been obtained

for the case of Columbia Sand Loam. The data for this soil are shown

in Table 4.1 and Figures 4.1, 4.2 and 4.3.

-Appendix B presents the program to compute the depth of wet-
ting front with time for a certain rainfall intensity and an initial
degree of saturation. Figures 4.9 and 4.10 illustrate how the wetting
front advances with time for several rainfall intensities and for a

certain initial degree of saturation.
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One can note that as the rainfall intensity increasés, the

den of infiltration does not increase in the dame proportidn *In

fact, for any rainfall intensity 1 , the rate of infiltfatio;\@ecreabes

U

very rapldly with time (Figure 4.11) approaching value8~hpp§pximaLely
_ N i

cyual since for large times the final value bf{the Lnfilt?gtion rate is
the saturated hydrauli. conductivity. Iﬂ fact, %or any rainfall inten-
sity the soil can take water only at tﬁe infiltration rate corresponding
to the time considered. A large rainfall intensity, thus, would only
lead to a runoff of larger rate.

As seen before, Philip's solution showed that the depth of the

~ )

wetting ffﬁnt could be expressed as a power series of time. Figure 4.9,
obtained 3ikh Mein and Larson's solution, shows that for small times,
when the depth of the wetting front is dominated by the capillary forces,
only the first term of Equation 4.39 would be needed. As the time in-
creases, the slope of the curve: depth of wetting front versus time

becomes constant, as shown in Figure 4.10, also from Mein and Larson's

solution. Hence this function can be expressed analytically as:

Z = atl/2+bt 2 (4.77)

The slope of this curve decreases as the time increases and tends to

its constant value b.

Regression analyses using the series of Equation 4.39, has
shown that the first two terms only would represent the best fitting
curve for the results of Mein and Larson's solution and, thus, it is

reasonable to adopt Equation 4.77. 1In this equation, the coefficients



93.

a and b are func'!ns of the soil properties, the ftial degree
of saturation and «. the rainfall intensity. Figure 4.12 {llustrates
the variation of these coefficients with the rainfall intensity and

for a cuectain initial degree of saturation.

As e*pccted, for large values of the rainfall intensity, the
coefficients a and b become approxigately constant and in this case,
rainfall intensities larger than 2 times the saturated hydraulic conduc-
tivity would not produce deeper infiltration of the wetting front for
the same time considered. Surface runoff, however, 1s larger since the
infiltration rates of Figure 4.11 are approximately the same for large

R d
times.

An important aspect is that for larger degrees of saturation
prior to rainfall, the advance of the wetting fiont is faster, as 1llus-
trated in Figure 4.13. This was also expected since less water would
be needed to saturate the soll and a certain amount of water would lead
to a deeper penetration of the moisture profile for a 1argér initial
degree of saturation. .Theref e 't 1is concluded that the degree of
saturation is more dominant ~ . 1e rainfall intensity in leading to

faster and deeper advance of the wetting front.

-

4.5 Analysis of Infiltration of Water into Residual Soils

i
!

Mein and Laraén's method has been applied to the analysis of

i
infiltration of water into residual soils because of its simplicity and

‘

because we are mainly concerned with the advance of the wetting front.



Because of lack of data of unsaturated flow properties of the
residual solls, a parametric study was made by assuming certain ranges

for these properties.

4.5.1 Unsaturated Flow Properties of the Residual Soils

7,

In Chapter II we have seen that average values of some physi-
cal indexes for the residual soils are:

~ density of soll particles : 2,65

- void ratio : 0.9

- dry unit weight : 1;3 to 1.4 g/cm3
It was also seen that the natural degree of saturation of the residual
soils ranges from about 60 to 70% and thus, these will be the starting

values for our_analysis.

\
AN
\\

Saturatibn of these soils occurs for a moisture content
(gravimetric) beé;ggn 30 to 40% and thus an average value of about 35%
is a fair representation, corresponding to a volumetric moisture con-
tent of about 47%. Since this value is numerically equal to the poro-
sity of the soil and corresponds to a void ratio of 0.89, these data

are compatible.

Although these values are reasonable, because of the natural
variation of the soil properties, three values of void ratio were con-
sidered in our analysis: 0.75, 0.89 and 1.00, corresponding to poro-

sities equél to 43, 47 and 507, respectively.

Three values of the saturated hydraulic conductivity were

5

also considered: 8.0 x 10 -, 2.0 x 10'4‘_ and 5 x 10°* cm/sec, which,
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e
combined with thc¢ three values of tHe void ratio glive us J soi s to be

-

analysed.

The curves for the hydraulic cond. :tivity were es.imated on
/
khe basis of known curves for other soils found in the literature.‘
T%erefore; the corresponding curves for clays and sand gave us, to a
certaln extent, the lower and uppcf limits of the curves‘for residual
solls. Curves for sandy-clays, sandy-silts and clayey-sands provided

the means to establish the general patterr of the curves for the resi-

dual soils.

The range of curves adopted for this study is indicated in
Figure 4.1 and the curves adopted for the analyses and indicated in

AFigure 4.14,

Observing Figure 4.3, we see that more sandy soils (coarse
soils) present a moisture charactefistic tu;ve characterized by a la.ge
flat portion while the:curves for clayey soils (fine soils) do not.
Thus, several curves were adopted for the\;ésidual soils, stafting at
the volumetric moisturé content at saturation, numerically equal ta
the porosity of the soil, at which the suction is zero. Thus, the
limits were‘es}ablished by éaking the regidual soll to be comparable
to either a sand or a élay aﬁd an average curve was also established.

Such curves are shown in Figures 4.15 to 4.17, and the range of mois-’

ture characteristic curves adopted is shown in Figure 4.3.

4.5.2 Results of the Analyses on Residual Soils

N

EN .
Figures 4.18 to 4.20 show the variation of the depth of wet-

AN
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ting front with time for a soil with average values of safurated hydrau-
lic conductivity and void ratio, regspectively 2.0 x 10_4 cm/sec and

0.89 (porosity equal to 47%), assuﬁing the initial degree of saturation
equal to 70, 80 and 90Z. Since these curves are susceptible of analysis
by means of Equation 4.77, the influence of all factors over the unsatu-
rated flow is analysed in terms of tbe coefficlents a and b. Varia-
tion of thege coefficients with rainfall intensity for the 9 soils

considered are'shown in Figures 4.21 to 4.29.

Analysis of these figures show tﬁat the doefficient a in-

~

creases with the rainfall intefis ile b decreases. As a conse-’

quence, the curves depth versus t e more pronounced curvature for

‘ ,
small times, as the rainfall intensity“increases! as shown 1in Figures

4.18 to 4.20. The slope of these curves also decreases as the rainfall

intensity increases.

Comparing the ciivres of a an@ilﬁ for the same void ratio
. -

but for different initia_ degr.-s of saturation'Aso‘,“wE—EEé that for
larger So ,» a ;nd b‘ 1ls. i crease, thus, leadi;g to a fast--
advance of. the wetting f;or - noted before. |

Finally, it must be noted that both a and b tend to con-
étant';alues as the rainfall inteﬁsity increases. This fact has also
'béén pointed out before and we see that in all cases for I/Ks ratio
o;er 4 the depth of the wetting front is not governed by the rainfall

inténsity. In what follows;’analyses will be carried out for the

average values of saturated hydraulic conductivity and void ratio, and
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for an I/KS ratio equal to 4.

Figure 4.30 illustrates the variation of a and b. with the
vold ratio and the initial degree of Saturation. It is seen that a
and b increase for smaller values of the void ratio, however, the
effect of the initia]l degree of saturation is appreciably more pronouncedx

than the influence of the void ratio.

Figures 4.31 and 4.32 show the influence of the saturated
hydraulic conductivity KS on the coefficients a and b , as com-
pared with the initial degree of saturation So; For any given valﬁe
of S , a and b increase appreciably with KS -although the effect

(o]

upon b 18 more relevant.

It hﬁst be noted that the coefficient b is closely related
to the saturated hydraulic conductivity K » since for large times,
the infiltration rate ‘'is. ‘constant and equal to KS » and the rate of
advance of the wetting front is also constant and equal to the coef-
\‘\ficient b. - Philip (1969) showed that the rate of advance of the wet-

ting front is for large times given by Equation 4.58, thus we could

write:

b = == 0 (4.78)

although our results show that this equation 1s, in our case, valid

~only for small values of the initial degree of saturation.

Finally, to study the influence of the suction for each void

ratio, 3 curves were considered as shown in Figures 4.15 to 4.17.
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Figure 4.33 shows the variation of the coefficients a and b with

the average suction at the wetting front. This was obtained simply

by taking the suction et theseverage moisture content ,eav defined as:
6 = 16 4o (4.79)
av 2 n - ‘

The analyses, however, have been performed by calculating the
average suction as indicated in Section 4.4. 2, and both values appeared
to be approximately the sgame. Figure 4.33 shows, however, that small
variations in the suction considered do not lead to significant error.
In fact, the coefficient b is independent of the suction as 11lustra-
ted, for any initial degree of saturation, although the coefficient a

varies appreciably over the range of suction considered.

The curves of the depth of wetting front with time for the
9 soils we have analysed are shown in Appendix C. Only the curves
corresponding to an initial degree of saturation of '90% are considered
since this value represents a critical situation; leading to a fast

advance of the wetting front.

tained is obviously relevant. We see, however,‘that deptns>of infiltra-
tion of practical engineering interest are obtained for saturated
hydraulic conducti -ty larger than 2.0 x 10 -4 cm/sec, for the range of
void ratio considered Significant depth 1s also obtained for a lower

value of the saturated hydraulie conductivity provided that the void
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ratio is correspondingly small. Conversely, a larger void ratio would

require a larger value for the saturated hydraulic conductivity.

In Chapter VII, we will see that a value of 5.0 x 10—4 cm/sec
is required‘for the saturated hydraulic conductivity in connection with
the depths of the Estrada do Jequia slide and it is felt that water
would possibly infiltrate through cracks and relict structures present

in the soil. RS
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s
Saturated
Hydraulic
Soil Po§;§ity Conductivity ' References
(cm/sec)
Columbia Silt Loam 34.0 3.17 x 10-4 Kirkham and Powers
1972
Columbia Sand Loam 5i.8 1.39 x 10_3 - Mein and Larson
i 1973
Ballotini Grande 15 38.0 6.0 x lO_6 .Younga, 1957
Webster Soil 48.0 3.4 x 107% Kunze and Kirkham
1962
Ida Soil 53.5 2.6 x 107% Kunze and Kirkham
1962
-5
Yolo Light Clay 49.5 1.23 x 10 Philip, 1957th//<
Plainfield Sand 47.7 3.44 x 107> | Mein and Larson
1973
52.3 3.67 x 10_4 Mein and Larson

Guelph Loam

1973

TABLE 4.1 CHARACTERISTICS OF THE

!

‘\

SOILS REFERRED TO IN THE STUDY
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HYDRAULIC CONDUCTIVITY VERSUS MOISTURE CONTENT FOR
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CHAPTER V
TERMINATION OF THE UNSATURATEd FLOW PROPERTIES OF SOILS

/

5.1 Introduction

Many techniques are now available to détermine the unsaturated
flow properties of a soil, necessary to the solution of any problem of

flow of water through unsaturated goils.

As noted in the previous chapters, the required parameters are
the hydraulic conductivity, the capillary suction and the diffusivity,

all functions of the moisture content.

Due to great numbers of reports that have been published on
the techniques, they will not be discussed. Instead, we shall present
a review of the reliability of these techniques with respect to macro-

structural effects of the residual soils related to the flow of water.

References shall be provided on the pertinent techniques for

field and laboratory determination of the relevant parameters.

5.2 Capillary Suction

The capillary suction is known to vary‘conéiderably with mois~
ture content as noted in Chapter III. At satupation the suction is zero
and as the moisture content decreases, the suction increases (numerically)
at a rate that depends on the type of soil. For ver& fine soils (clayey

goils) the increase in suction is very pronounced for even a small de-
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crease in the degree of saturation of the soil, while for coarse soills
(sandy soils) the increase in suction 1s characterized by a small rate
of change for a large reduction of moisture content. However, as the
soil becomes dryer, all types Af materials will be suﬁjected to large
suctions. Many techniques are available for the detérmination‘of soil
suction, each one related to a particular range of suctions, as shown

in Figure 5.1 (Richards, 1974). The values of the suction we gré con-~
cerned with are relatively small when compared to those corresponglng to

very low moisture contents, since we are particularly interested in

values of degree of saturation over 60%.

Techniques have been discuséed for field and laboratory deter-
o //
minations (Aitchison and Richards, 1965). Methods such as suction
plate, pressure membrane, Vécuum desiccaﬁor, centrifuge, are only applied

DS S “

for laboratory detérmingtioné;”

he porous blocks such as the gypsum
block and the psychrometer techniques have been successfully applied to
both laboratory and field determinations (Richards, 1974; Aitchison and

Richards, 1965).

Adequate summaries of the techniques as well as specific re-
ferences on the methods have been presented by'Richérds (1968, 1974) and

Aitchison et al (1965).

5.3 Hydraulic Conductivity and Diffusivity

Techniques that permit the determination of the hy- -aulic con-

ductivity are well known. Some of the methods also allow determination
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of the diffusivity. We must note, however, that thefd:;Lusivity is not
an independent parameter and once the hydraulic conductivity and the

4
suction are known, the diffusivity is found by use of Equation 3.

An adequate summary of most of the available techniques has

been given by Klute (1972).

A distinction must be made bgtween the steady-state and the
unsteady-state methods. The first methods are based on infiltration
through either long columns (Childs and Collis-George, 1950; Youngs,
1964; Watson, 1967) or through short columns (Laliberte and Corey, 1967;
Elrich and Bowman, 1964). The volumetric flux and hydraulic gradieﬂts

are measured and the hydraplic conductivity ~alculated.

The unsteady-state methods make use of the time dependence of

the outflow of water from a soil sample. grouped into the

outflow-inflow methods and the instantaneous prafile methods, according

to Tables 5.1, 5.2 and 5.3.

5.4 Comments on Reliability

The unsaturated flow properties-of the soils are very depen-
dent on the t}pe of soil as sillustrated in Figures 4.1, 4.2-and 4.3,
where the influence of both pore and gra}n size distribution are evident.
Therefore, the presencé of cracks and other relict structures in the
residual soils affect considerably thoée parameters assoclated Vith a
certain moilsture content, and the flow of water is greatly influenced

by the presence of these discontinuities.
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Laboratory studies, due to the small size of the samples
[l
would not represent well the behaviour of soil in the field. Moreover,

sampling techniques are assoclated with disturbance.

i Therefore, field tests should provide better results in ac-

cordance with the characteristics of the natural materials. -~

However, with field tesﬁs .t would be impractical to determine
the properties of the materials as functions of the moisture content due
to the impossibility of its control in the fiéld, coupled with its

variability.

Thus, although in favour of field tests for these determina-
tions, both field and laboratory tests would be required for purposes of

comparison, prediction of the behaviour and establishment of the curves

hc(6), K(®) and D(D).
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Flow System

Water Content

Pressure Head

" 'Known Fhex from

Richards, 8. J. and

Weeks (88) .
Watson (36)
Rogers and Klute (48)
Vachaud (33)

Wesks and Richards,
© 8., (88)

Wind (60)
Flodkor ot al. as)
Caseel ot al. (7)

Vacbaud and Thony
34)

Drainsge of a horizontal
column of Joam soil

Drainaxs of a vertical
column of initially
saturated sand

Drainage and wetting of
a vertical column of

sand

Horizontal tration
into uniform|column
Drainage of a Iy ntal
#oil column, both dia-
turbed and undis-
turbed

Evaporation of water
from vertical columps
of soil, undisturbed

Evaporstion of water
from vertical col-
umns. Disturbed
structure

Redistribution of water
in horisontal column.
Diffusivity data only

Iofiltration into alr dry
soil; drainage and re-
distribution

#(s, §) from: A(s, 1) from:
Inferred from drain-  Tensiometers (meroury-
age #(A) function water)

Gamma att tion Tensiometers (Pressure
tranxducers)

Gamma attenuation Temsiomaeters (Presaure
transducers)

Gamma attenustion Inferred {rom A(s) funo-

Inferred from drain-
age 8(A) function

Inferred from #(h)

Gamma attenuation

Gamma attenuation

Gamms attenuation

tion for wetting
Teosiometers (mercury-
water)

(1) Tensiocmeters
@) Nylon  resistance
elaments

Tensiometers (mercury-
water)

Tensiometers (Presaurs
transducers)

(1) One end of columa
olowed

() Messured dralnage
mte

Top of columa ¢losed

(1) Top of / eolumn
cloved

(2) Meas deainage
or lnﬂof‘v rate

Messured \_infiltration

TAte

(1) Meagured
rate

(2) One end of column
clo.ed

(1) Messured evapors-

outfiow

Iate

(®) One end of column
elowad

(1) Meaaured "svapors-
tion rate

{2) One end of column
closed

Closed ends of column

(}) Pouition of sero
hydraulic yredient
(2) One end of columa
closed .

TABLE 5,2
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SUMMARY OF INSTANTANEOUS PROFILE METHODS FOR HYDRAULIC

CONDUCTIVITY:

LABORATORY MEASUREMENTS

(After Klute, 1972)



Reference

Flow System

Water Content
#(s, t) from:

Pressure Head
(s, 1) from:

Known Flex {rom:

Richarda et al. (48)

Ogata and Richsrds
(38)

Rose et al. (19)

Nislsen et al. (37)
Renger ot al. (41)

van Bavel et al. (85)

Draloage sod evapose-
tion frcm a deeply
wetta sandy loam

Drainage of a desply
wettad sandy loam
soil. Considered peo-
file in three layers

Evaporstion and drain-
age of a nonuniform
soll

Drainage of a deeply
wetted ponuniform
soll profile

Evaporation and drain-
age from a nonuni-
form soil profile

Drainage of a wetted
soil profile

Gravimstrio sampling

Gravimetrio sampling

Neutron method

Tensiometers (mercury-
water)

Tansjometers (mercury-
water)

(1) Drainage A(9) fune-
tion

() Direct measuremant
in wet soil

(1) Neutron method Tenajometry
(2) Drainags "R)
function
G it tion Tenslometry
3-probe
Neutron method " Tensiometry

Depth at whish hy-
dreulie gradiemd was

T

Coversd soll surfave

Estimated evaporstion
ate

Corered surface

Depth at whish hy-
drsulio gradieat was
sero

Coversd surfass

TABLE 5.3

CONDUCTIVITY:

(After Klute, 1972)

SUMMARY OF INSTANTANEOUS PROFILE METHODS FOR HYDRAULIC
FIELD MEASUREMENTS
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CHAPTER VI

MECHANISM OF LANDSLIDES

6.1 Introduction

This chapter presents an explanation of the phenomena related
to landslides in areas where heavy rainfall occurs. Particular atten-
tion is paid to the subtropical areas of Rio de Janeiro and Serra do

--~Mar in Brazil where slopes of residual soils exist.

#Many studies have been carried out on landslides occurring
in areas éf high rainfall. All have noticed the gfeat number of land-
slides which occur in chgse areas. Also, the high frequency of land-
slides has been'noted to be associated with periods of rainfall of

exceptionally high intensity and duration,

’

In Brazil, és reported by Deere and Patton (1971), we ﬂote N
the studies of Freise (1935, 1938) concerning observations in the .
coastal mountains of tﬁe country, who concluded that such moist tropi-
cal regions had c¢ycles of recurrent avalanching that pr. ... nerdodic

deforestation.

‘Wentworth (1943) conducted studies on the island of Oahu,
Hawaii and found that the%mantle of weathered rock assumes plopes at
the limit of stabilityvfof norﬁal'conditions and that most of the
sliding was associated with periods of exceptionhl high rainfall,‘from
70 to 130 mm per hour to as much as 250 mm per houg (Deeré:and Patton;

1971).
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‘Studies carried out by Vargas (1957, 1967a, 1967b) discussed
the action of the water from the raiﬁs with the consequent saturation
of the soil and development of pore water pressure either by the‘per-

colating groundwater or by shear deformations. However, tests on

the pore pressures due to shear may be rather small.

-

Barata (1969), anélysing the causes of landslides in Rio de
Janeiro, states that the main cause 1s the water action, by erosion,
infiltration, increase of weight and pore pressure. Costa Nunes (1951)
states that water leads to-instability of slopes due to development of
pore pressures, reduction of the shear strength parametgfs, prineipally

the cohesion of the clayey-silty soils, increase of weight, and surface

and subsurface erosion (piping).

Jones (1973) also called attention to the effects of water
ftog}rainfall,iweight of the slope-forming material and gravity strgsées
‘and stated that the action of the rain would give rise to: raising the
piézometric surface in the élope-formiﬁg material, seepage toward the
slope, removal of soluble binders in joints, subsurface erosion, re-
arrangement of graiﬁs, chemica; weathefing and displacement of air in
volds and joints. As a consequence of the combinétion of these factors,

among others, pore water pressure would be increased and surface tension

eliminated.

Vargas (1971) prescribed remedial measures fot the slopes and

: .
recommended surface drainage to increase surface ;uﬂ?ff, diminishing to
)

CoN\
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a minimum infiltration of water into the s01l and also prevention of

surface erosion.

All these studies contributed to a better understanding of
the subject but it was felt that there was still a lack of detail con-

cerning the phenomena involved.

Skempton and Hutchinson (1969) in their State of the Art
report on stability of natural slopes were not able to draw any general
conclusion regarding this class of probiem. Howeﬁer, it appears that

there is no doubt about influences of infiltration into the soil.

i

Lumb (1962) studying landslides in Hong Kong gives‘more in-
sight into the problem and states that the sfability of slopeé
governed by the infiltration capacity of the soil and that the infly-
ence of a particular rainstorm depends on the intensity-duration cykve
of continuous rainfall during the storm and also on the amount of rain-

-

fall that has occurred previous to the storm.

Peck (1967) analysed some landslides producéd by rainfall and
found that Jin connection with ;ost slides, the variation in daily
raiﬁfall is too erratic to be corrélated satisfactorily with the move-
ments'. He also concludes that '"the rainfall that accumulates'over a
period of several days is more likely‘to be significant in affecting
fhe-movements of the mass. The larger the sliding mass and the 1§wer
iés average permeability, the l§nger ié the period of rainfall that is

most likely to correlate well with the movement".
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6.2 Mechanism of Landslides

As noted in Chapter II, the residual soil in its natural and
stable condition is always unsaturated having a degree of saturation
between 60 and 70% and sometimes even less, before the beginning of the
rainy season. We have also seen that this soil has a relatively large

void ratio, commonly with values as much as 1.0.

\

This soil of sandy-silty, silty-sandy or clayey-sandy nature
normally contains a small percentage of clay, generally less than 30%.
The clay fraction of the soil is responsible for the soil cohesion,

acting as a.cement 1inking the coarser grains of the soll, silt and

sand.

The suction deélbped in the soil pore water 1ncfeases the *
apparent cohesion of the soil which is greater for lower values the
moisiure content. As the moisture content increases, the suction is
decreased wiﬁﬁ a consequent reduction of apparent cohé;ion. The angle
of‘internal friction may also reduce, although to a lesser degree due

to gome dilatancy effect. Therefore, soil particles suppbtted by clay

minerals may undergo collapse wﬁen saturated.

We have seen in Chapters III and IV that water from rainfall
will infiltrate into the soil increasing its degree ofisaturétion,
characterized by the advance of a wetting front with time, provided

there is water available at the surface,

To study infiltration of water into a soil slope, analyses
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N

should be carried out two-dimensionally. However, for rainfalls of
large intensity the depth of the wetting front could be considered
relatively uniform throughout all the surfaces of the slope without

much error (Figure 6.1)

Therefére, water will infiltrate into the slope increasing
the moisture content of the slope-forming material and reducing the
strength parameteré for a particular period of timelafter'rainfall has
started. Of course, there will also be an increase of the weight of
the slope-forming material but what appears to be mére relevant is
that seepage is not taking place in the common sense as it occurs for
a saturated soil. Howéver, aftéf the wettihg front re;éhes a certain
depth, the upper parg of the moisture prbfile will be saturated and

the water subjected to a hydraulic gradient 1 parallel to thebslope

surface equal to:
1 = sina " (6.1)

where o 18 the slope angle and seepage would then take place genera-
fing pore pressures accofdingly. The hydraulic gradient, however, due
to gravitational and capillary potential w.ll be much greater and
therefore moveméﬁt of moisture as already described will be dominant.
As we shall also see in Chapter VII, slideé may occur without the

influence of the poré pressures generated by the percolating water.

If the strength of the soil s along a potential failure

surface 1s expressed in terms of total stresses as:

8 - c + 0 tan ¢ . : (6.2)
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where ¢ and ¢ are the shear strength parameters in terms of total
stresses and - 0 denotes the total stress normal to the surface, we
see that the shear strength will be reduced due to thevreduction of

shear strength parameters.

Thus, after infiltration, reduction of «c and ¢ can lead
to failure of the slope for a particular depth of the wetting front.
This failure could take place without development of any positive water
pressure and the shear strength parameters would be those corresponding

to the saturated condition of the soil,

It is worthy of mention that failure would take place along
the surface of the wetting front which represents an almost sharp
boundary between the saturated upper part of the slope which slides
and the lower portion still with the initial moisture content (Figure

6.2).

As we shall see in the subsequent section, the depth of
wetting front at which failure takes place can be predicted for a
factor of safety equal(to 1 by making use of the shear strength
parameters at saturation. This depth willrbe referred to as the

critical depth hcrit'

Thus, knowing this depth _ﬁcrit » 1t 1s. possible to predict
the stability of a slope under a rainfall of known intensity and dura-
tion provided we know the equation of advance of the wetting front

for the soil of concern. If the time for the critical depth to be

reached by the wetting front is larger than the duration of rainfall,



147.

the landslide would not take place.

We have to bear in mind, bowgver, that the rate of advance of
the wefting front depends on the initial .degree of saturation, being
larger for larger initial degrees of saturatioﬁ, and 1f a rainfall does
not lead to a landslide, afte; the rainfall there would be a redistri-
bution of moisture.content within the soil, thus increasing the degree
of saturation prior to the next rainfall. The advance of the wetting
front with time for a rainfall with the same intensity would be modi-

fied.

It is possible that during failure of the slope, pore pres-
sures would build up due to the susceptibility of the residual soils
to collapse with saturation. This may account for the extreme mobility

of the sliding mass that is often observed.

It is also possible that a third factor related to infiltra-

s

tion, would play an important role in causing a landslide.

Theoretical and experimental studieé made by Adrian (1970)
have shown that infiltration into an unsaturated soil overlying an
impermeable barrier displaces the air from the soil interstices. Unable
' ko escape downwérd; the air may escape upward .in bubbles travelling
tproughrlarge éorés, or if -the pores are small and the capillary forces
are large,.the air is compressed between the wetfing front and the
barrier. This reduées the infiltration rate and may result in an almost
stable wetting front. Under certain éalculable conditions, the air

pressure build-up is sufficient to cause sudden localized horizontal
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rupturing of thé soil at the wetting front and to 1ift it along with
the infiltrating water, forming a cavity. The air-filled cavity breaks
the flow passages and percolation ceases through pores terminating in

the cavity where pore water pressures will build up.

Let us examine the bo.ﬁ features analytically. Consider

LB

Vfirst a columm of‘soilfaf o

&

.and length £ which is the

< ,
‘nfermegble barrier and let us

v [}

'ché unsaturated soil is under

~ We will also assume that air will

be compressed downward and that the soil down to a depth h of the

wetting front is saturated. Thus, the total absol -e downward pressure

at the wetting front is given by: -

= -+ .
P P, Ywh + Ywhc (6.3)
where P, denotes the atmospheric pressure
Ywh denotes the hydraulic pressure
Ywhc denotes the capillary pressure at the interface,

h being the capillary head or suction which is
pﬁlling the water downward :

For the depth h of the wetting front, the pressure in the
entrapped air p1 can be calculated making use of Boyle's law for a
perfect gas., Thus:

pV = pr , (6.4)

.

which yields:

p. = p —% . (6.5)
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If the pressure P; opposes the downward pressure p , then
the wetting front ‘reaches a stable condition at a depth h » Oobtained
by equating Equations 6. 3 and 6.5,

-

. _
LR h = Pyt Ywho + Ywhc , (6.6)

Solving Equation 6.6 for ho » we obtain:

ﬁ"

. P - P 2
h =i{(z-—°-h)‘+[(z-~°-h)
o 2 Y c Y c
w w )

+ 4h 2]1/2} o
(o4

We can similarly obtain.a depth h. at which horizontal rupturing o
the soil occurs. Assuming the wetting front to be at this depth h R

the pressure exerted by the saturated soil above the wetting front is:

psoil = Yshs(l -+ Ywhsn . (6.8)

where vy is the specific weight of the soil particles.
s g : _

The pressure in the entrapped air, according to Boyles" Law

is as before (Equation 6.5):

1 o 4 '
P, = b | - (6.9)

For rupturing to occur, the pressure in the entrapped air must oppose -
the pressure exerted by the saturated 801l above the wetting front

- plus the atmospheric pressure, Thus we have:
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L

po z—:—ﬁ;' Yshs(l -'n) + Ywhsn + pO (6.10)

which may be solved for hs to give:

P

0
_ _ W
by = t-t@-w ¥ a (6.11)
<
where the density of the solid particles is:
Y .
¢ = = : (6.12)
Y

B Now, comparing ho ana hs , 1f h0{< hS the wetting front
Qould reach a stable condition at that depth ho and, therefore, at an
earlier stage than tﬁat required for the &épth 'hs to be reached. If,
howeve?, hs < h0 , the depth hs corresponding to ghe‘horizoptal
rupturing of the soii would be reached before the wetting ffont could

reach the stable condition at depth ho and ‘thus instability would

occur.

» Figure 6.4Iillustrates the values of the stable depth ho
plotted from Equation 6.6 as a function of the capillary head (suction)
hé and the depth 2 to the barrier. Also élotted in this .graph is
a straight line ho = hs. If a point falls to the right of this str;ight
line, then hS < h0 and a break or cavity formation 1is expected to

occur thus contributing to landslide,

[T, . \

...;A.A_J_ ;
T EE e

Experimental studies carried out by Adrian (1970) using co-

lumns of soil of different lengths ranging from 10 cm to 100 cm have
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shown this phenomenon. We do not know yet whether the same thiﬁg would
occur in the field, but it appears that for very’ intense rainfalls over

an almost homogeneous soil without cracks, we should expect this factor .

to play an important role.

It is also important to note that these mechanisms do not
imply ‘that any intense rainfall will lead to instability. Previous

rainfalls that have fallen in the area will also be important.

In oeher words; for a pafticular rainfall it takes a certain
‘period of time for the wettinélfront to advance to a critical depth.
As the initial moisture content of the soil in the beginning of the
rainy -season 1is rather ‘low, then the critical depth would be reached

i

only for a period of time larger than the duration of the rainfall.
Thus, landslides wOulé not ‘occur. After this, however,. redistribution
of moisture contemnt occurs, increasing the moisture content of the
soil with respect to that prior to rainfall.
A second rainfall of the same intensity would produce a faster

R . .
advance of the wetting front gince the initial moisture cortent now

would be lérger.’

Therefore, there is a sort of progressive increase of tlf
moisture content of the soil through redistribution of moisture conteet
after rainfall and during the final period of the rainy season, tbﬁ
moisture content of the soil would be large enough to lead to a fast
advance of the wetting front. Consequently, a raifsnorm of given in-
tensity and duration will have more serious effects, the later in the

‘&
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- rainy season that it occurs, in agreement with the observation of
‘Barata (1969), Vargas (1971) and cypq (1967) with respect to sliding

taking place mostly at the end of the rainy season.

Rainfall to saturate the soll must have an intensity at least

equal to the saturated hydraulic conductivity (permeability) of the

soil, As we have seen in Chapter III this is not restricted since
these soils exhibit an average-pefmeability of about ‘10--~4 cm/sec or
:3.6 mm/hour and rainfalls of intensity over 50 mm/hour have been

observed.

-

Vargas (1971) mentions that rotational or planar slides mostly™’
occur at the end of the rainy season duri . . ~er rainfalls of more
than about 100 mm/day.. This value is appr ximately the permeability of -

the residual soils. ‘ ~li

4

Landslides thus prodnced in homogeneous soils due to rainfall

wouid be planar ones by virtuefofithe advance of the wetting fromnt as'

AY
hY
Y

a surface parallel to the autface of the-grdund However, residual

,\\
~

soils are not exactly homogeneous and deviations from planar slides may
obviously occur even if water does not infiltrate through cracks.present

in the soil. " s g . S

N B

L4

Vargas (1971) has described the existence of planar slides

that occurred in Santos and Barata (1969) describing landslides in Rlo
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6.3 Types of Slide

Many types of slide have been observed at Serra do Mar; Santos
and Rio de Janeiro, all associated with the heterogeneiiLy ~f the soil
and with the intensity of rainfall. A classification of '’ m should

take into account both factors, and Table 6.1 illustrates an attempt to

Wy

classify the glides. It is understood  that slidés being classified-are

¢ i

those generated #% rainfalls, although other types may occur by dif-
ferent causes‘sdéh as‘éyeep, or failure of cut slopes.
InﬁTab1e>6.l, reference is made to two types of slones:

homogenéous.élopes which are those where only soil is present, although

"~ .the soil is generally not homogeneou:z, and heterogeneous slopes, those

where boulders also exist lying at the soil sﬁrface of the slopes.

©6.3.1 Slides

Vargas (1971, cribed the rotational or planar slides that
would ;céur for rainfall intensities of more than 100 mm/day. As ﬁoted
before, such intensity corresponds approximately to the pérmeability of
tﬁe s0il which, as we have seeﬁ/;n/bhapters III And IV, is enough to

e a

saturate the soil.

Slides‘occu;ring for such rginfalls are the most common and
occur almost always at the end of the rainy season. . Iyo types can be

observed: rotational and planar slides.

Barata (1969) says that rotational slides occur only in the
' hill slopes of the thick-mantle of residual soil, noting that, they have .

)
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9 a
been in most cases caused by human interference such as cuts for high-

ways.
Fad
>

’ "t

It is possible that such » Zailure surface 18 caused mainly > }hy
; . .7;’.’;"?#"
‘\\.

W g

wetting front surface of non-uniform depth, as well as due to the in-

by cue hetefogeneities of the - rofile leading to an irregular

fluence of a cut on.the toe of the slope leading to a deeper landslide.

According to Barata (1969) the planar slides are typical of
the hill slopes with shallow mantle, where the slide occurs along thé
contact of the soil with the bedrock. Whaé is important ié thaé these
planar slides tend to occur in slopes not affected by human interfer-

ence, but only by th&?rainfalls.

2

6.3.2 Avalanches

Another type of 1andsiide, also conditioned by rainfall in-

tensity and described by Vargas (1971), Barata (1#69) and CostaANunee
N E
(1969) = the avalanche or rapid flow.

' N
3

Vargas (1971) sa&s that they are caused by‘%@ry inteﬂse and
catastréphic rainstorms of more than 50 mm/hour, resulting from a
hydraulic destructidﬁ#of the residual soil mantle Ly erosional.pfdcess; o
They start as a normal slide a;'explaiﬁed, but due to the high inten~
sity of rainfall which would cause a fast adyance of the wetting front
-and saturation, collapse of the soil structure would occur and conse-
quently they would slide like avflow. Eroéion always takes place at

the same time due to the high intensity of the rainfall that causes the

runoff. —
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Avalanches occur in slopes of medium to steep inclination
which are fairly long, allowing the development of the phenomenum with-

~out any obstacles (Barata, 1969).

6.3.3 Other Forms of Slides

When boulders are present at the»surfac%\of the soil slope,
normally intense rainfalls would lead to erosional process beneath
them and rolling would occur. For exceptionélly intense rainfalls, the
process 1s also assoclated witﬁ a deeper siide-and in thiﬁ case complex
slides characterized by the assoclation of rolling, slides and mud

flows occur.

6.4 Analysis of Stability

\ -
Instability in a slope of homogeneous soil due to rafkfall
occurs along a planar surface if the slope is fairly long. If ?ﬁ%‘
slope is not long enough, fhe fallure surface would deviate from.the
planar one but even here the controlling factor would be the depth of

.

the wetting front in the slope-forming material.
Therefore, basically our analysis of stability of slopes is
concerned with the depths of the advancing wetting front with time, for

a particular rainfall intensity and a particular initial degree of

saturation.

«

Such analyses may be performed either on homogeneous or heter-

ogeneous slopes. For the former, analyses could be made‘by considering
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vertical iInfiltration under the presence of a rainfall of reasonably
large intensity and a knowledge of the parameters of unsaturated flow:
hydraulic conductivity, suction and diffusi&lty, all functions of the
. &

moisture content of the soil would be required.

For the latter, where heterogeneous soils are assuméd to
exist a vertical infiltration analysis is no longer satisfactory and
S a two-dimensional analysis should be per?éw ed In this case, know-
ledge of the unsaturated flow characteristics for all the materials

, .

constituting the slope would be required. Also, here only numerical

solutions by means of finite difference or finite element methods can

be applied since there is no analytical procedure available at this

moment to solve the infiltration equations for thiswcomplex case.

We shall concentrate our attention here on the analysis of

slopes in homogeneous soil .and glve guide lines to analyse the more

complex cases.

In the case of a planar slide occurring in an imfinite slope,

the factor of safety F can be calculated by Equation 6.13 referred

to in Figureh6.5:

' - '
c gz + (Ysath cos B - u) tan ¢sa

8
Ysath sin @

= (6.13)

.

where ¢! !
sat and ¢sat

effective §tresse§ aﬁd-arerdetermihed by tests on saturated samples;

; re7the'shear strength parameters in terms of

. Ysat is the saturated specific weiggt of the soil; B 1s the angle
L.} ‘-’
of the slope Vith respect -to the horizontal and u is the pore water

~
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pressure which will be considered zero in our analysis since the slide
takes place with elimination of suction and before pore pressures build
up. As we have seen earlier in this chapter, there 1s also the possi-
bility of pore pressure bufld up which would occur after the slide
commenced. This would be responsible.§or a furthé; decrease of the
factor of safety to a value less than one leading to slides of great

mobility.

" From Equation 6.13 we carh determine the critical depth hCrit

that corresponds to a factor of safety equal tc one, as given by:

R

a sat '
. : hcrit B (- tanv¢') sin B A (6.14)
Ysat tan R

We can now compare this depth with those of the wetting front with time
for several rainfall intensities and for a partéé;}ar value of the ini-

tial degree of saturation as shown in Figure 6‘6;

On a basis of Figure 6.6, we can see that for rainfalls of
¢ '

relatively small ipntensity (region 1) the‘depth hcrit would be reached
only for very large periods of time, while for more intense rainfalls

(region 2) the depth h would be reached much easier.
. crit R ,

e

\\

In both cases, for a barticular raihfall of intensity I ,

the time ¢t for the depth h to be reached should be compared
crit crit

to the duration of this rainfall (tdur).

)
AN ' _
v If tdur < tcrit

smaller than the time required for the wetting front to reach the

-that 1s if the duration of the rainfall is

i
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corresponding to a factor of safety equal to 1,

critical depth hcrit ! o

instability would not occur since rainf~1l would stop before leading

e

. —
to a slide. Thus, there would be a Ee@;g;ributionfuf/fﬁe moisture

conte  as seen infCﬁentetjiII, only responsible for an increase in

the initial degree of saturation. After this, another rainfall would
i .

‘j;ead to a faster advance of the wetting front due to the higher ini-

tial degree of saturation. , ' .

gl

If ¢t >t s that.is, 1f the duration of the rainfall
dur crit

is larger than the time required for the wetting front to reach the

depth h

then instability would occur.
crit :

™

As nbtea in Chapter IV, the depth of the advancing wijﬁ;ng
or

.front with time could be expressed;ffor a particular soil and

particular valuee of rainfall 1ntensity and initial degree of satu-

ration, through the equation:
? _
2 = att/? 4+ bt | ©(6.15)

If the rainfall duration tdur is known, one can determine .

the corresponding depth z4 and compare it with the critical depth

.“’ < : 2 %
hcrit If zd hcrit tl 2n hcrit would not be reached and the

slope would be stable. If z4 f-hcrit then slide would occur. ‘\“i

.

The design of a cut slope could be performed in the same way, ?j@’

-for a particular rainfall of known inteneity and duration. Thus, the

o

advance of the wetting front with time could be predicted for this

rainfall and the depth h computed from Equation 6.14. This analy-

crit

N

% N\

AN
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sis would be made for periodgﬂgngigg’ﬂgﬁkggaller than or equal to the

duration of the rainfall (see Figure 6.7).

To make ¢t can be increased by flat-

>
crit Laur ° hc;it
tening o the slope and factor of safety would be computed from Equa-

tion'6.13, for a depth of the wetting front corresponding to t = tdur'

! For finite slopes, deviations from'the planar slide occur due
to effects of boundaries. Analyses can take into account the curvature

in the toe of the slope as done by Lumb (1962). According to Figure

6.2 the factor of safety would be:

RECETI TSR Py
F : (6.16)
Yh sin 8 1+%_{%+%cotefl}sin6

)

and the analyses mentioned above may be applied in the same way here.

Analyses can also be que b#3ﬁsing circular slip surfaeks with
respect to short slopes and here the depths of wetting front would be

taken as an average depth to a surface parallel o the sleyé;

' -.

6.5 Methods of Treatment and Stabilization of Slopes

In the previous sections we saw that infiltration of water
from rainfall into the .slope is the dominant factor in reducing stabi-
¢ w4 R
lity of both natural and man-made slopes in residual soils in Brazil.

Many special measures, isolated or combined, have been

carried out to stabilize slopes or to prevent them from sliding. He:é'

!
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we present and discuss the most common onés in use.

6.5.1 Flattening.of Slope

As noted in the previous section, flattening of a slope would
increase the required depth for a factor of safety equal to one. Con-
sequently, the time for the wéfting front to reach this critical depth
and thus produce instability would be,inéreased and could be madeilarger
than the duration of the rainfall. Therefore, the slope would be safe
for this particular rainfall since the wetting front would never reach
the critical depth and there would be only redistribution of moisture

content.

It was also pointed out that moisture content of the soil
creases from the beginning of the fainy gseason to the end of the period

and for a rainfall of the same ihtensity at the end of the'season, the

e . . \ . v
uggte of advance of the wetting‘frdnt would be increased by virtue of
the larger initial moisturé’coﬁteﬁt as seen in Chapter V. Therefore,
analyses should also be made by taking into account this larger initial"

moisture content at the end of the rainy season.

This is the most critical case and according to Costa Nunes

(1969), it would be suitable only for siopes of low height and for

critical situations. : . \\\\

6.5.2 Slope Protection

Flattening of slopes could lead to uneéonomical results and

sometimes there is not avallable space to implement such a measure. Cut

\

-
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slopes have been designed in Brazil with steeper angles (Vargas, 1967a
and b) but additional measures must be undertaken to provide enough
safefy. These special measurés to improve stability are basically
related to the mechanism of the slide, say, the infiltration 6fvwater
into the slope. Thus,:a method that appears very convenient is slope

protection.

This method consists of covering the slope surface by any
means such as bitumen, asphalt, grass, soil cement, gunite, etc. They
reduce or eliminéte infiltration of water iﬁto the slope but attention
has to be paid also to pfotéction of the entire area 80 as to avoid

_infiltration into the upper surface of the slope.

)

Slope protection also eliminates erosion under normal intense

rainfalls. This has an important role in generating sHallow slides of

A\l

the mud flow type. Costa Nunes (1969) and Vargas (1971a), however,
point out Ehat‘for abnormally intense rainfalls this method would be

ineffective in eliminating erosion and avalanches that could occur.

With slope protection, surface runoff would be increased,

thus reducing still more the possib- y of infiltration. For a more

!

successful treatment, slope protection must be combined with drainage.

6.5.3 Drainége
i

Drainage consists of interception of both s$rface and sub-
f /

surface water.

-~

L. "' v \ Y
6.5.3.1 ce Drainage: Surface draimage can be acgomp-
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lished by two systems of gutters to intercept surface water. One syé-
tem is placed horizontally, roughly parallel to the contours to inter-
cept any water-moviné through cracks in the slope. The second system
of gutters to conduct water downward is placed on the surface of the

slope, dipping in the same direction as the slope.

Water moving down through the system of gutters would have
high velocity and thus special features to dissipate the water energy
should be provided in order to .avoid erosionm.

In the case of a cut slope with berms, the horizontal gutters

can be placed on the berms, at the toe of the adja =n  slopes. ,
v “

% ~ .

6.5.3.2 Underdrainage: Depending on the topography of the

region and its extension, as well as on the behaviour of the groundwater
in the region, pefcolating through relict eracks and fissures in the

* soil and rock masées, it is very difficult<to ensure that infiltration
will be completely avoided and eliminated. Thus a special d;aiqgggh

gsystem should be provided so as to drain all water that has possibly

entered into the slope by any means. /

Underdrainage consisting of perforated pipes or drainage
galleries driven almost horizontall& with a small inclination toward
the slope’ are useful. Galleries can be constructed to function as a
drain, but they are expensive and their éonstruCtion is difficult.
Besideé,.due to the very erratic characteristic of the soil mass with

respect to flow.of water, a suitable large number of éalleries would be

prohibitive.
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Perforated pipes furnish a better solution to the problem of
deep drainage principally in erratic soils where a great number of them
can be driven into drilled holes at a lower cost. They should also be

[
" surrounded By filter materials to prevent from their clogging.

These horizontal drains have proved to be very successful in

stabilizing slopes principally of colluvial materials (Terzaghi, 1960;

Teixeira and Kanji, 1970; Vargas;“i97ia).

6.5.4 Filling of Cracks and Erosion Caﬁities

Rain water may open cavities at the slope surfec.: due o Lis
triggering action gf erosion, that could also be ve., catrimental with
regpect to stabifuty by alloﬁing water to infiltrate into the slope.
Similar to these cavities are the cracks opened during the dry season
by shrinkage of the soil. All these cracks}ané cavities must bs filled.
Cement mortar or soil cement are often used. In the case 65 shrinkage -

r

cracks bitumen may also be used:

6.5.5 Other Methods

Other methods have been adopted to stabilize slopes as des-
criﬁed by Costa Nunes (1971) but they have nothing to do with the in-
filtration 6f water. They are general methods that could be applied

to any slope and thus they will be only briefly cited here.

Retaining walls could be used in cases where flattening of
slope would not be possible and there is a need for a steep slope. An

alternative -is the use of anchored sheet piléé.
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Strengthening of the toe of the slope would increase the
stability by improving the conditions of the foundation soil. This can
be done by driving piles at the toe of the slope. This procedure would

also transfer the loads to deeper strata.

In the case of the presence of loose large blo ~ of rock at
the slope surface that could not be removed, methods of retaininé them

by the use of special retaining structures or anchor bolts would be

suitable,

-

Grouting has also been used to improve the characteristic of

the slope—fOrming materials. Cement grout or cléy cement grout is

used éuccessfully according to Costa Nunes.(1971) but chemicals can

\.&.‘ . . N
ala‘?‘e used to stabilize the slope. .



Homogeneous
Slopes

- Slopes

1 Heterogeneous

Planar Slide

Normally Intense
Rainfalls ‘
Rotational Slide

Very Intense ' | Avalanches
Rainfalls (Rapid Flow)

.

Normally Intense ;
Rainfalls “‘—“4 Rolling

Very Intense ‘ -
Rainfalls Complex viides “

-
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X

TABLE 6.1  CLASSIFICATION OF LANDSLIDES DUE TO RAINFALL



FIGURE 6.1+ = PATTERN OF WATER INFILTRATION ’ 4 NPE
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FIGURE 6.2  SLIP SURFACE ALONG

THE WETTING FRONT SURFACE
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CHAPTER VII

CASE HISTORIES

7.1 Introduction

>

gre

: ke
The previous chapters indicated the many parameters that must’’
be taken into account to study the'éfébiiity of slopes in residual soils

, ' Y c
and theoretical methods of analysis were also presented. However, -to

confidentlykincorporate these factors and analyses” into a slope design,

it is necessary to have case histories whichﬂiﬁﬁicate that the methods
‘ 407 v S
do work in practice. %be case histories:presented here are far from
o LY - .. N : o
being complete with respect to the necessary data for their complete

4

_ documentation but they are, nevertheless, worthy of discussion.

7.2 Estrada do Jequid Slide, :ﬁ fghgfﬁ;f

. . = ”'; kS K
This slide took place close to Estrada do Jequia t the Go-
~ vernador Island in Rio de Janeiro, as described by Geot (1967).

)

* . A soil profile along the middle section of the landslide is
illustrated in Figuie‘7.1, before the slide has occurred. The sloﬁenhad
"~ an average aggle of about 50° and was mainly composed of a silty-sandy

N

residual soil, yellow and red in colour, as shown in Figure ~ 1. = \:f
o : : : : S e

Figure 7.2 illustrates the topography after the landslide.

- maximum height of fhe s!Gpe was about 37 m. The slide occupied an =

a;eabof aﬁbgﬁﬂiZOO mz«having a width oﬁxghqgt 40 m.  -A véipge of 5000 m3'

- N

slid.

Y
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Laboratory tests or .these soils, down to a maximum depth of
23 m showed‘the foiloning propertiee.for'the upper lajer:

oA of clay (< 2p) . .‘.‘. « « « . 14 to 40

% of silt (21 < ¢ < 0.06 m) . . 36 to 50

% of sand (0.06 < 6 < 2mm) . .20 to 45

Liquid Limit K i . s ... 26 to. 49%

Jlastic Limit - . . . . . . .19 & 2727

E Direct shear tests conducted slowly ;on cylindricaL samples of
>

5" diameter and 2" height, saturated before shearing gave thelfollowing

>

- " . [ B
. . |

parameters in terms of effective gtress:d’ ' « .
.. N K ‘ﬂ' ) . . ) 2 ‘ [ o
Appéyent cohesion Co FEREERE 1.5 t/m :

PN

Angle of shearing retistaﬂke < e 30°

Pl

same type of tests conducted on samples at natural conditions gave- '

the following parameters in terms_of uotal stress.:

Apparent cohesion . . . . ... . . 45 t/m2

Angle of shearing fesiétance‘; . . 30°

. As can be séen, there is an appreciable reduction oﬁgthe apparent cohe—: -

\ . y ‘
e sionrin terms offtotal stress upon saturation of the sample. Drained
o triaaial tests showed about the saﬁ% reduction of the apoarentkcohesion.
_These tests conducted\hnxsamples at natural conditions gave: .
Apparenghcohesion e e e e e e 4 5 t/m . T;}
.;: Angle)of’shearing resistance .. 32;4° . ?c
! - '
. (and on‘samples'satufated befére;shEa%ing: .

Apparent cohesien . . . . . . . . 1.0 t/m2

Angle of shearing resistance . .. 32°

It is worth noting that the tests carried out omn aamples'at

) -



. be implied for the perfect interpretation of the results in terms of

v
- g
D 2 £ B

. >,
. : Y ; -
. S s

-

their natural moisture content, although performed slowly and thus with‘“ﬂ

"possibility of drainage'"$ have their results expressed in terms of
»
total stress since a knowledge of pore air and pore water pressure would
effective stress. The tests on samples saturatedﬁ@efore shearing, how-
ever, once carried out slowly, have their results expressed in terms of
either effective stress or total stress, since the suction no longer
P

exists and the possibilityfof drainage eliminates the pore pressure

build up. -
. ’ .
Slope stability analysis carried out:with the use of Bishop's

method on the circular slip surface indicated in Figure 7.2 have shown -

that assuming the shear streng;ﬁ;parameters obtained from drained tests

-

on saturated samples, and Wi}

good results. Indeed, for tﬁet

shear tests, the factor- of safety Pbtained was 0.925 and for the para-

S
R

meters from the drained triaxial tests, the;factor of safety was 0.94.

These observations'lead to consistent results as pointed out

in the previous chapter that no pore pressure build up would'be neces-

~.1

sary to generate ingtability and only the elimination of suction upon

<
saturation of the soil with the consequent reduction of the apparent

cohesion appears&ﬁo;be the leading factor to instabllity.- '

#~ > ’ ES

o }
Back analyses of the same slip surface as%ﬁming a factor of

safety equal to 1.0 led to the required values below
c' = 1.62 t/m and ¢' = 32°

or: ¢' = 2.28 t/m’° and $' = 30°
Y - .

These are in quite good agreement with the laboratory test results.
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Figure 7.3 illustrates a Summary of this analysis.

It must be emphasized, however, that, although practical, such
anaiyées ao not pertain to the actual critical slip surface: The rea-

: , a
sons.for this reside in the fact that:

l.h There is not an uniform distribution of %Sfesses along the slip
hd A .

surface. )

~

2. The parameters assumed 1n the analysis are not necessari;y valiq
along the whole slip surface.

3. The shear strength parameters in terms of effective stress do not.
predict the actpal\sﬁear plane'ih the triakial tests.

4, The shear strength paraméters dq not gake into consideration rota-

3,
§

tion of direction of the princiﬁél stresses.

. 5,: The shear strength parameters do not take into consideration the

s anysotropy of the whole mass. _
”

Yol

The most critical slip surface that exists for the above

parameters 1is indicated in Figure 7.2,

i

With respect to the depth of the landslide, by analysing the

depths of infiltration w%th time shown in Appendix C, it is concluded
‘ , j
that a permeability of %.0 x-10 4 cm/sec would be required. The e:

tence,of cracks qand other relict structyres in the residual soils is
necessary to account for this relatively iarge value, although.for

. / o = » .
degrees of saturation over 90% the depghs of infiltration would be

much _arger, & can be seen 1in Figures"4.30'and 4,31 where the values

of th: coe” .cients a and b are considerably large for the soil
close.t-- ~~'uration and in this case a péfmeaﬁility of 2.0 i;rlO-4 cm/sec
2 : i : t
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would be sufficient.
My

e, r’*n‘

7.3 Caneleira Slide

This slide occurred on the’hillslope of Caneleira in the City
of Santos in March 24th. 1956, at thevend of the rainy season and after
alvery intense rainfall (Vargas, 1967a). As reported by Skempton and
Hutchinson (1969) on éhe basis of a personal communication of Vargas,
on the 19th. and 20th. of March, 268 mm of rain had fallen and in the
night of 24th. to 25th.‘of March, 264 mm of rainfall were registered, °

causing another 60 slides simultaneously. -

Figure 7.4 illustrates. the landslide which as can“be seen was

oshallow and planar, influenced by th&%;be&rock at_&llow depth. The

NI

LN S
average depth of the slide, measured}%@fﬁ?ﬁdicular”EG the slope was
W "\i) . '_":; H . )

‘about 5.2 m and the 51052;553 fairly steep, i.e., 42° and High, i.e.,

of the order of 70 m.

The soil was a sandy clay of low plasticity, having the fol-

lowing characteristics:
Liquid Limit . . . . . . . 20 to' O Ae‘g N , i
' ] - : ) ¥»
- Plasticity Index . ... . . . 0 to 18%§ -

I

N\, Void Ratio c .o T .. 0.73 to 1.07
- \‘-

»

TRe qatural moisture content of this soil was between 19 .and 377 corres—>

‘ponding to a degree of satgggtion between 60 and 70%.
: 1 .

\‘ R . =

According to Vargas (op. cit.), direct shear tests cafried
§ . =

&
-
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, compatible with the residual soils of Rio de Janeiro. - Jﬁ.iﬁa’,

N 176.

1 ‘ P

t,.,ﬂ '
out sf%#fy,.guwe the following values for the ghear strvength parameters

for the sampYes under natural conditions:
Apparent cohesfom . . . . . . . . 4 t/m2
Angle of shearing resistance . . . 40°
The same tests carried out on samples previously saturated gave:
! Apparent cohesion . . . . . . . . 4 t/m

Angle of shearing resistance . . . 39°

These values for the saturated samples are very high for this
type of material. As noted, however, in’Chapter 11, according to

Vargas (1974), the angle of shearing resistance of this;material varies

-

between 28 to 33° and the apparent cohesion for the satq;ated condition

is, indeed very low and sometimes even zero, which tmkies this soil ®

I g .
A = "ﬁ( J @ s
R R T
. . 7 R .
AR S U YO
\‘k.:‘ Y .

Analysis of the landslide by application of Equation 6. 13 and

~assuming a>fact0tvof safety equal to unity, gives the values:

Apparent cohesion . . . . . . . . 2.0 t/m2 - 5§§%§
Angle of shearing resistance . . 32° 0 =
Other pairs of values c' and ¢' would also give a factor of safety
£) -

equal to unity, but the above pair of values was selected since’ they

also 1ead to a cqitical depth obtained tnrough Equation 6 14 comparable
-« ‘.‘
to the actual depth of the landslide. ’ : : - - ¥

! : . ' ‘ . <
On the basis of the rainfall iﬂfgnsity previcus to the land-

slide and of the curvee for the depth of infiltration with time presen-

“

.



ted in Appendix €, it 1s concluded that, for this case, a permeability
value between 2;0 ﬁ 10-4 and 5.0 X 10_4 cm/sec would alsé be'required,
taking into consideration the final degree of saturation at the end oé -
the rainy season. For this, it i1s assumed a degree of saturation

equal to 90%, although it can be expected even a larger value and
therefore, a vaiue of 2.0 x 10—4 cm/secvwéuld be sufficient according

to Figure 4.30 where it is indicated the large values of the coeffici-

ents a and b for degrees of saturation over 90%.

7.4 Monte Serrate Slides

Two slides have been reported by Vargas (&967&) ‘that occdrred

on the same site, The first slide took place on the 10th. of MarcL of

njr

1928 and the second on the 24th..of March of 1956,'éimu1taneously with

the Caneleira Slide. BBth were at the end of the fainy‘sggpon and
after a very intense rainfall. ' . : | . Q\‘

°

' The two slides afé shown in Figure 7.5. - Their maximum depth'
were 15 m and 8 m respectively. Although both were very high, -about

55 m; the slope was not very steep, of the order of 30 to 35°.

.

The slope—forming'soil was very sandy, with a percentage of

%

clay‘(<'2u) less than 57 and of low plasticity. Classf¥ication test#’

N

gaﬁe'the following results:
Liquid Limit . . . . . . . . . . 20 to 40%.
Flagticity Index . . . . .',A. . 13 to »20Z

Void Ratio . . . . . . . . . . 0.87 to 1.02

ﬁ. ot
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On samples saturated before shearing the same test gave:

178.

Natural moisture content . . . . . 20 to  25%

Direct shear tests carried out slowl} on samples under natural condi-

tions gave: !

.

Apparent cohesion . . . . . . . . 4 t/m2

Angle of shearing resistance . . . 42°

Apparent cohesion . . . « « . . .3 t/m2

4
Angle of shearing resistan’ .31

’ O
The aboge results a’b also very high and back—analyses of the first and

second landslides showed that the necessary parameters for a factor of -

wy,

safegg equal to unity are: . D o

. ) A ‘}\ A\
For the first slide N :
. ¢' = 0.0 ¢/m’ and o' = 28° S
c' = 0.2_t/m and ¢''= 27°
e .second slide:
. o i é
o \‘,"\2'\_»‘ ) ’ 2 . , .
o e''= 0.2 t/m .andmp' =29
‘or: - . ¢' = 0.5 tﬁmz and gt o= 27° . s
e results are, however, in perfect agreement with she~real values k
9% these soils presented by Vargas (l9i4) and discussed in Chapter II1.

R T >4

Again here for the, Monte Serrate slides, ‘a permeability 1ar—

'ger than 2.0 x 10 -4 cm/sec would be required to’ account for the infil-

bR

trstion.
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CHAFTER VIII

CONCLUDING REMARKS AND SUGGESTIONS FOR
FURTHER RESEARCH

Tn this thesis, an examination was made of the sliding process

that takes place in hot and humid areas characterized by intense rain-

falls. Particular attention was given to the subtropical areas of

Brazil. The residual soils in these areas are normally unsaturated and

therefore the soil water is under a suction.

A mechanism of slope failure was formulated and it was conclu-

ded that:

1.

Slope failure occurs due to the reduction of the apparent cohesion
by virtue of the elimination of the suction due to infiltration df
water from rainfalls.

Positive‘pofe pressure, if generated, is not the dominant factor
causing sliding, since flow of water 1is not occurring in the common
sense as for saturated soils.

Analyses of slope stability can be made by use of the parameters

c' and ¢' obtained from triaxial or direct shear drained tests
;n samples saturated before shearing.

The mechanism formulated is more gneral in the way that it also
applies to areas other than tropical or subtropical ones. Therefore,

in cold regions, availability of water due to snow melt could pro-

duce slides as well provided that the apparent cohesion of the soil

D

is reduced upon saturation. — T
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5. Prolonged ralnfalls or rainfalls at the end of the rainy season are
more likely to produce a slide than an intense rainfall of low
duration falling early in the railny season. An intense rainfall,

however, could cause detrimental effects such as surface erosion.

In view of thesc results, an effective treatment of the slope
to impede water infiltration into the slope; associated with comple-

mentary measures such as drainage should provide adequate means for

slope safety.

i

Cé}tain basic assumptions have been made in this study, par-
ticularly those related to the infiltration of water through unsaturated
gsoils. The vertical infiltration problem was studied and it was aasumeg
that for the case of a slope the advance of the wetting front wouiﬁ take
a uniform pattern parallel to the slope surface. It was pointed out,
however, that the non—homogenéity of the soils could lead to an irregu-
lar distribution of the advancing wetting front, thus producing irregu-
lar saturation. Therefore, a two-dimensional analysis of infiltration
should give a better approximation for the advancing wetting front
surface. As an example, a report by Neuman (1972) describes the two-
dimensional solution for the unsaturated flow problem making use of the

Finite Element Method by application of Galerkin.)s method of weilthted

residuals.

The curves K, hc and D , respectively the hydraulic conduc-
tivity, suction and diffusivity, as functions of the moisture content,

have been adopted as variables over a wide range-consistent with known
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b

curves for other soills published in the literature, and a parametric

sengitivity study was performed.

The determination of the above parameters either in the labo-
ratory or in the field and their application 1in conjunction with other

case histories would be very useful.

In relation to the analyses presented in this thesis, certain
questions could be formulated:
1. What 1is the significance of a factor of safety equal to unity in

relation to the mechanism of failure presented?

There is a certain depth corresponding to which a factor of
safety equal to unity occurs. If this critical depth, as it was re~
ferred to, is sufficienty large that it would not be reached for a
particular rainfall intensity and duration, then instability would not

occur. Conversely, a landslide would occur when this depth would be

reached.
2. Can this critical depth be predicted? .

For infinite slopes in homogeneous soils, the depéh of the
wetting front is more likely to be uniform and the slide plaﬁar. Thﬁs,
as we have seen in conjunction with the Caneleira Slide, the approximate
depth at which sli&ing occurs can be predicted through Equation 6.1&1‘,
In cases where the slip surfaces deviate from the planar ones, Equation
6.14 would give a depth more related to the critical slip surface that

only fortuitously would correspond to the actual slip surface. For non-
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homogeneous soils, an irregular shape for the advancing wetting front
occurs and if these surfaces are predicted as a function of time, a
factor of safety also as a function of time could be determined by
means of the Morgenstern and Price method of slope stability.. This

should also be investigated.
3. Can the critical depth be increased?

As noted in Chapter VI, a flattening of the slope would lead
to a larger value of the critical depth, thus the likelihood of a slope

failure occurrence would be decreased.

4. Finally, can a slope be designed with a factor of safety equal to

unity?

Since the shear strength parameters for the soils in a natural
state are significantly larger than the parameters corresponding to the
saturated state, a slope designed on the basis of the shear strength
parameters corresponding to the natural moisture content would be safe
as well, provided that an effective measure prevents from water infil~
trating into the soil slope. This is basically a problem of "calculated

v

risk".

Finally, it must be noted that permeability values must be
determined in situ so as to reproduce the influence of the macrostruc-
ture of the residual soils, related to the presence of cracks and other
relict structures that dominate the behaviour of the soil with‘reapect
to infiltration of water. In conjunction with this, a comparigon of

the umsaturated flow parameters determined in the laboratory and in the
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£{.. | should also be obtained, since, irrespective of _the tBCEqiqné
used, these results are expected to be considerably diﬁferent dué\éb

! \

disturbance, stress removal, and 80 forth, in'the specimeng'c

O o
el W2
: B

It is also important that tests must be -carried out on the
natural materials just after a landslide has occurred, so as to deter-
wine their moistu.e content and the shear strength parameters, believed

to be those prevailing at the time of the landslide.

Field tests to determine the variation of the soil moisture
content with time after rainfalls and moisture redistribution, would be
important in the analysis of the aspects of the infiltration as occur-

ring in natural goils.

Publication of more case histories are needed and it 13 hoped

,’/

that analyses following this approach be undertaken.

ﬂ
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APPENDIX A
.VERTICAL INFILTRATION SOLUTION BY PHILIP'S METHOD
{ ' L
This Appendix presents the computerlprogram\for the solution

of the vertical infiltration problem, following the method proposed by

Philip (1955, 1957a, 1957b).

As notéh in Cﬁ;pter IV for this analysis, the soil parameters
needed are the porosity and the hydraulic conductivity and diffusivity,

both funcéions of the volumetric moisture content.

This program computes the first 4 coefficients of the series
of Equation 4 as functions of the'volumetric moisture content, thus-
predictingAthe moisture profile and the rate of infiltration, both as
functions of time. 7Two infiltration fat?s are presented? the one
making us7/5f'the 4 coefficients of Philip (Equation 4 ) and the modi-
fied infiltration rate (EqQation 4 ) as proposed by Millef and Klute

(1967).

The solution presented here follows the method as presented
in Kirkham and Powers (1972) for the first coefficient and as presented
in Philip (1957b) for the subsequent coefficients. The input informa-

tion required for the program is:

1. °N: Number of moisture content intervals within the range

2. DELTET: Value of each moisture content interval.
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TET(I), HK(I), D(I): Values of the moisture content and of the
corresponding hydraulic ponductivity and diffusivity.
TIME: Values of the times at which the advancing moisture profile

and the infiltration rate are to be computed.
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YERTICAL INFILTRATION PROBLEN

SOLUTION BY PHILIP'S METHOD
THIS PROGRAN COMPUTES THE ADVANCING NOISTURE PROPILE AND THE RATE !

OF INFILTRATION WITH TIME

DOUBLE PRECISION
DOUBLE PRECISION
DOUBLE PRECISION
DOUBLE PRECISION
1LTA,X1,AX1,AX2
DOUBLE PRECISION
DOUBLE PRECISION
10) , BETA (50),
2ER,PSI (50) ,DERIV,

sUnI,SuUN2

RINDPR,RIND2P

RATEY, RATEZA,RATE2B,AR,A C.E r
SUMTET,DPRIM,AJ,RISTAR,ADEX,TA(10) ,SUNA,R2STAR,DE

X12

DELTET,TET (50) , HK (50) , D(50) , DM (50) , HKM (50) ,ALF2 (5
FC (50) , XAUX,AX, T(6) ,SUN,BX, X,CHI(50) ,ANUM, AUX, D

AUX1,AUX2 OHEG(SO) PP (50) LRIP (40) , F2P (50) , RI2P (50

3),RICOR P(SO),RI(SO),TEST

DOUBLE PRECISION
DIMENSION NA (50)

TINME, DEPTH(SO)

COMMON NMA1,FI(50),DELTET

" 'READ NUMBER CF BOISTURE INTERVALS AND INTERVAL VALUE
READ(S, 800) N,DELTET

NME1=N-1
NMAI=N+1
NMAI=N¢1.

READ MOISTURE CO“TENT,HYDRAULIC'CONDUCTIVIT! AND DIFFUSIVITY
READ(S, 801)(TET(I),HK(I),D(I),I=1,NHAI)

WRITE (6,805)

805 PORMAT (1H1, 10X,2H B, 18X, 8HMOISTURE, 19X, 12HCONDUCTIVITY, 16X, 11HDIFF

806
1100

) 20

807
810

2033

2049

10SIVITY)
WRITE (6,806)
PORMAT (33X ,3H (%)
DO 1100 I=1,NHA1
WA (I) =I

DO 20 K=1,N

,29X,8H (CM/SEC) ,22X,9H (CM2/SEC))

’

g

DM (K)= (D(K)+D(K+1))/2.D0
HKM (K) = (HK (K) +HK (K+1) ) /2.D0

WRITE (6,807)
FORNAT (//)

WRITE (6,810) (NA(I),TET (I),HK(I),D(I),I=1,0NA1)

FORMAT (8X, 15, 15X,

Di12.4, 1sx D12.4, 15x,n12 u)

SOLUTION FOR FUNCTION FI(EHBTA)

SUHTET 0.D0
po 2033 I=1,N

SUNTET= SUHTET*(TET(I) TET(NHA1))*D(I)
DPRIN=2.DO*DELTET*SUNTET/ (TET (1) -TET (NMA1) ) **2

"AN=N
A= DBLE(AN)

RIP (1) =2.DO*AJ*DSQRT(DPRIN/3.141592654D0)

FI(1)=0.D0
DO 2047 L=%,10°
DO 2049 I=1,NME1

PI(I*1)=FI(I)02 DO‘DH(I)/RIP(I)
RIP(I¢1)=RIP(I)-FI(I+1) :

RISTAR=RIP (N)



2
3
11—~
112

113

114

115

116 -
117

118

119

120

121

199,

X1=0.5D0*PI (NY/DSQRT (DM (N
IF (X1-5.00) 010.3850530é0))

3050 lDEX‘Z.DO*X1‘DEXP(-1.DO‘XI*‘Z)/(DSQRT(3.1“159265“D0)‘(1.D0-DERP(!1
1)))-2.DC*x1#2 . :

3080

3100
3200

2047

3480

360

GO TO 3200 :
X2=2,D0%x1%4 2 h SN
TA(1)=1.D0

TA (2)=-2.D0/X2

TA (3) =10.D0/x2%*2

TA (4) =-74 . D0 /X2%%3

TA (5) =706.D0/x2%=4

TA (6) =-8162. D0/X2%%5

TA{7) x108830.D0/X2%%¢

SUMA=0.r0

DO 3100 1=1,7

SUMA=SOMNA+TA (I)

ADEX=SUMA

R2STAR=0.SDO‘PI(Nrﬁz.DO‘DH(N)*ADEX/PI(N)

DELTA=RISTAR~R2STAR

RIP(1)=RIP(1)—DELTA/2.DO

CONTINUE . '

FI(NHA1)=FI(N)OZ.DOODHYN)/RIP(N)

WRITE (6,820)

WRITE (6,825) IR

WRITE (6,826) :

NRITE(6,8 0)(TET(K),FI(K),K=1,NHA1)

CALL INTEG . .

WRITE(6,3572)AR ' B
PORHAT(//,29X,1ZHINTE§rAL A =,D12.6)

GENERATION OF PARAMETERS ALFA AND BETA FOR FUNCTION CHI

DO 60 Kk=1,N
BETA(K)=HK(N41)-HKH(K)

DO 70 K=1,N : )
ALFA(K)=Dn(K)tDELTET**z/((PI(K+1)-FI(K))‘*2)

WRITE(6,71) -

FORHAT(//c25X;BHHOISTURE,1OX,7HALFA(I))
HRITE(6,72)(TET(I),ALPX(I),I=1,N) i o
FORHAT(2OX,D12.4,1OX,D15.6) .

SOLUTION OF PUNCT. OX ¢t

PP (1)=0.D0
RIP(1) =C.DO

DO 300 Ja=1,N ' ’

FP(J+1) =FP (J)- (B> "A (. ET*RIP(J))/(ALFA(J)/(DELTET‘*Z)-1.D0/8.
D : _

2D0
300 RIP(J01)=RIP(J)-FP(.7

RINDPR=RIP (N)-0.35D0*r- - . .

.F2P (1) =0, DO

RI2P(1) =~1.D0O
DO 340 J=1,¥

F2P(J41)=F2P(J)-RI2P(J#/\th AADE. TR -D0/8.D0)
erp(a+1)=R129(J;-rzp(J+n

RINDZP=RIZP(N)-O.SDO*FZP(NL

RICOR=RINDPR /R IND2P }

DO 360 J=1,NMA1

FC(J)EPP(J)-RICOR*FZP(J)

DO 98 I=1,NMA1
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123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160

161

162
163
164

1€6

167 .

168

170
171
172
173
174
175
176
177
178

179 .

180

181

naaon

a0n

200.

98 CHI(I) =FC

856

6001

3574

110

Lr
WRITE (6,850)
WRITE (6,855) ' -
WRITE(6,B856) R
FORNAT (//)

WRITE(6,860) (TET(K),CHI(K) ,K=1,NHA1) \
DO 6001 I=1,NHA1 /
PI(I) =CHI(I) _ :

CALL INTEG

WRITE(6,3574)AR

FORMAT (//,20X,12HINTEGRAL C =,D12. 6)

GERERATION OF PARAMETERS ALFA AND BETA FOR FUNCTION PSI

DO 110 Kk=1,x -
ALFA(K) =2.DO*ALFA (K) /3.D0
DO 120 Kk=1,N§

120 BETA(K)=2.D0*DH(K)‘(DBLTE?/(PI(K)-FI(K+1)))‘*3*((CHI(K)-CHi(K01))/

121
122

1

DELTET) #*2/3.D0
WRITE(6,121)

FORNAT (//,30X, 29HFUNCAO BETA * PARA PUNCAO PSI)
WRITE (6,122) (TET(I),BETA(I),I=1,N) -
FORMAT (40X,D12.4,10X,D15.6)

SOLUTION OF PU%CTION PSI

- FP(1) =0.D0

440

anon

460
160

876
6002

3576

170

RIP (1) =0. DO
DO 400 J=1,N . . | .
rp(a+1)=r9(a)-(BETA(J)/DELTET*RIP(J))/(ALPA(J)/(Derzrttz)-1.nq$8. ,

200)
400 RIP(J+1)=RIP(J)-FP(J¢1)

RINDPR=RIP (N)-0.5D0%*FP (NNA1)
F2P (1) =0. DO

RI2P(1)=r1.D0

DO 440 Jg=1,N —
P2P(J01):P2P(J)-RIZP(J)/(ALPA(J)/(DELTET**Z)-1‘DO/B.DO)
BI2P(J+1) =RI2P (1) -F2P (J+1)

RIND2P=RI2P (N) -0. DO*F2P (NMA 1)

RICOR=RINDPR/RIND2P

DO U460 J=1,NmA1

PC (J) =FE(J) -RICOR*F2P (J)

DO 160 K=1,NMAI

PSI (K) =FC (K)

WRITE (6,870)

WRITE(6,875)

WRITE (6,876)

FORNAT (//) : ,
HRITE(G,QQQ)(?ET(K),PSI(K),K=1,NHA1) .

DO 6002 1=1,NMA1 .

PI (I)=PSI (I)

"CALL INTEG

WRITE (6,3576)AR o
FORMAT (//,20X, 12HINTEGRAL E =,D12.6)

GENERATION OF PARAMETERS ALPA AND BETA FOR PUNCTION OMEGA
DO 170 K=1,N )

ALFA (K) =3.DO*ALFA (K) /4, DO
DO 180 K=1,8
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182 DO 180 Kk=1,N '

183 AUX1=0.5D0#D" (K) * (DELTET/ (FI (K) ~PI (K+1)))*%3* ((CHI(K)~CHI(K*¢1)) /DE
184 1LTET) :
185 AUX2=2.DG* ( (PSI/(K)-PSI (K+1))/DELTET) - ( (CHI (K) ~CHI (K+1)) /DELTET) ##2
186 1*#(DELTET/(FI(K)-FI(K+1)))
187 180 BETA(K)=AUX1*A(X2
188 WRITE(6,181)
189 181 FORMAT (//,30X,3UHFUNCAO BETA * PARA FUNCAO OMEG)
190 WRITE (6,182) (TET(X),BETA{I),I=1,N)
191 182 FORMAT (40X,D12.4, 10X,D15.6)
192 c
193 c SOLUTION OF FUNCTION OMEGA
194 c >
195 FP (1) =0.D0
19¢ RIP (1) =0.D0
197 DO 500 J=1,N
198 . YP(J*1) =FP(J) - (BETA (J) /DELTET+RIP (J))/ (ALFA (J) /(DELTET**2) -1.D0/8.
199 200) ‘
200 500 RIP(J+1)=RIP (J)-FP (J+1)
201 RINDPR=RIP(N)-0.5DO*FP (NMA 1)
202 P2P (1) =0.DO
203 RI2P(1)=-1.D0
204 DO 540 J=1,N
205 . F2P(J+1)=F2P (J)-RI2P (J) /(ALFA (J) /(DELTET#*2) -1.D0/8.D0)
206 540 RI2P(J+1)=RI2P (J) ~F2P (J+1) .
207 RIND2P=RI2P (N)-0.5DO#F2P'(NMA1j
208 " RICOR=RINDPR/RIND2P
209 DO 560 J=1,NHA1
210 560 PC(J) =FP(J) -RICOR*F2P (J)
211 DO 190 I=1,NHNA1
212 190 ONMEG(I)=FC(I) -
213 WRITE (6,900) )
214 VRITE(6,905) 5
215 ) WRITE (6,906)
216 906 FOPMAT (//)
217 ' WRITE (6,910) (TET (K) ,OMEG (K), K=1, NMA1)
218 DO 6003 I=1,NNA1
219 6003 PI (1)=OMEG(I)
220 CALL INTEG
221 WRITE (6,3578)AR _
" 222 3578 FOERMAT(//,20X, 12HINTEGRAL F =,D12,6)
223 c
224 C READ THE VALUES OF TIME
225 c
226 1400 READ(S5, 1500) TIME .
227 1500 FORMAT (D10.2)
228 DO 2000 I=1,NMA1 :
229 2000 DEPTH (I)=FI (I) *DSQRT (T INE) ¢CHI (I) *TIBE+PSI (I)#* (DSQET (TINE))**340NE
230 1G(I)*TINE**2 B
231 WRITE (6,6003) : '
232 6003 FORMAT (//,20X,22HDEPTH USING POUR TERNS)
233 . 5071 WRITE(6,2010) TINE
234 2010 FORMAT{(///,20X,6HTIME =,D10.2,2X,3ESEC)
235 WRITE(6,2020)
236 2020 FORMAT (//,40X,8HMOISTURE,20X, SHDEPTH)
237 . WRITE(6,2030) N
238 2C30 FORMAT (43X,3H(%),23X,4H(CN)) -
239 WRITE (6,2039)
240 2039 FORMAT(//)

241 WRITE (6,2080) (TET (I),DEPTH(I),I=1,KNA1)
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256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
207
288
289
290
291
292
293
294
295
296
297
"END OF FILE

2040
5081

5083

800
801
820
825
826
830
850
855
860
870
875
880
900
905
810
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FORMAT (37X,D12.4, 16X,D12. ML

RATEY= SDb‘A/DSéRT(TIHE)* K(NHMA1) +C+1,.5DO*E*DSQRT (TINE) +2. DO®A FeT
1I8E

RATE2B=0. SDO‘A/DSQRT(TIHE)QHK(Y)

WRITE(6,5083) RATE4,RATE2B

FORMAT (//,5X, 1SHRATE (4 TERMS) =,D15.6,5X,19HRATE(I TERAS*SAT) =,D1
15.6)

GO TO 1400

FORMAT (I5,D12.4)

FORMAT (3D12. 4)

FORMAT (///,37X,2THVALORES DA PUNCAD FI (THETA))
FORMAT (//,35X,8HNOISTURE, 15X, 9HFI (THETA) )

FORMAT (//)

FORMAT (22X,D12.4,9X,D15.6)

FORMAT (///,37X,28 HYALORES DA PUNCAO CHI (THETA))
FORMAT (//,35X, 8HNOISTURE, 14X, 10HCHI (THETA) )
FORMAT (32X,D12.4,9X,D15.6)

FORMAT (///,37X,28 HYALORES DA FUNCAO PSI(TH'TA))
PORNAT (//,35X, 8HHOISTURE, 14X, 10HPSI (THETA) )
FORMAT (32X,D12.4,9X,D15.6)

FORNAT (///, 37X,29HVALORES DA FUNCAO OMEG (THETA))
POFNAT(//,35X,8HMOISTURE, 13X, 11HOMEG (THETA))
PORHAT(3ZX,D12 4,9X,D15.6)

END

SUBROUTINE INTEG

COFMON NHA1, FI(SO) ‘DELTET
NN1=N-1

InN=NNA1/2

. IL=2%1In

4101

4110
4100

4121

4130

8120

5C10
5000

XP(IL-IN) 4100, 4101, u1co

AR=FI (1) +FI (NMA1) .
SUM1=0.D0 - ’
sSumM2=0.rp0

DO 4110 I=2,N,2
SUM1=SUN1+2, DO*FI (I)
SUM2=SUM2+4.DO*PI (I+1)
AR=DELTET* (KR+SUM1¢SUM2)/3.D0
GO TO 5C00

IN=N/3

IL=3%1N e Ce e s
IF(IL~N)yu120,64121, u120
'AR=FI(1)¢FI(NHA1) .
SUM1=0.LC0

SuUN2=0.D0

DO 4130 1=2,NM1,3
SUN1=SUNM1+3.DO0*(PI(I) (I+1))
SUN2=SUMZ2+2.DO*FI (1+
SUN2=SUM2-2.DO*FI (NNA |}
AR=3.DO0* (AR+SUM1+5UN2) *DELTET/8.D0
GO TO 5C00

AR=0.DO

DO 5010 I=1,N _
AR=AR+0.5D0* (FI(I)+FI (I+1))*DELTET
A=AR

RETUORN

END

bt
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APPENDIX B

VERTICAL INFILTRATION SOLUTION BY MEIN AND LARSON'S METHOD

The computer program for the solution of the vertical infil-
tration problem according to the method proposed by Mein and Larson

-

(1973) is presented in this Appendix.

The basic soil data required for this analysis are the poro-
sity of the soil, the hydraulic conductivity and the capillary suction,
both functioﬂs of the moisture content and the initial degree of satu-

ration. L

. The program compute;\for each rainfall intensity, the depth
of the wetting front and the infiltration rate, both functions of the
time and the coefficients a and b of Equation 4 by means of re-

gression analysis. Details of the method are presented in Chapter IV.

The input informatidﬁ required for the program is:
1. TITLG: General title.
2. NSOILS: Number oébsoils to be analysed.
3. NDS: Number of degrees of saturation to be considered in the
analyses.
4. DEG(I): Values of the degrees of saturation.
5. NR: Number of rainfall intensities.

6. RAINRT(I): Values of the rainfall intensities. -

7. NT: Number of times considered.
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TIME(I): Values of the times.

MREG : Maximum number of terms of the series of Equation 4 to
be considered for the regression analysis plus one.

TITLS: Title for each soil.

MGIV: Number of moisture content values given.

TET(I), HK(I), SUC(I): Values of the moisture content and of thé

corresponding hydraulic conductivity and suction fo; each soil.

DELTET: Value of each moisture content interval.
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VERTICAL INPILTRATION PROBLEM
SOLUTION BY BMEIN AND LARSON'S AETHOD
DIMENSION KA (60)
DINENSICN X (50),Y(50) ,ALPEA(20)
DINENSION TET(60) ,RELEK(60),SUC(60) ,HK(60) ,D(60)
DIMENSION XSQR(200),YS (200) '
DIMENSIOR TITLG(29),DEG(10),TITLS (20)
DIMENSION TIME (40),RAINRT(40)
COMNON XSQR,YS
CONMON NOBS,HREG
READ GENERAL TITLE OF THE PROBLEN
READ(5,502) (TITLG (I),I=1,20)
WRITE (6,809)

809 FORMAT(1HY) A
WRITE(6,502) (TITLG(I),I=1,20)
READ NUMBER OF SOILS CONSIDERED
READ (5,60 1) NSOILS
READ NUMBER OF INITIAL DEGREES OF SATURATION
"READ(5,601) ¥DS '
READ INITIAL DEGREES OF SATURATION

READ(5,602) (DEG(IDS) ,IDS=1,NDS)
€02 FORMAT (F6.2)

READ NONBER OF RAINFALL INTENSITIES .
READ(5,601) NR

READ RAINFALL INTENSITIES
READ(5,821) (RAINRT (IR) ,IR=1,KR)

READ NUMBEX OF TIMES

READ(5,601) NT

READ TIMES

READ(5,821) (TIME(IT),IT=1,NT)
821 FORMAT (E12.4)

READ NUMBER OF TERMS CONSIDERED FOR THE DEPTH OF INPILTRATION
\ggnn(s,ezz)unec
822 FQRMAT (I5)
DO 4000 ISOIL=1,NSOILS
READ NAME OF SOIL TO BE ANALYSED

READ(S,502) (TITLS (I),1=1,20) - .



(g X Xp]

(e XaNg!

601

800

820

456
451

452

-

READ MUMBER OF MOISTURE IMTERVALS

READ(S5,601) NGIV
FORMAT (I5)

READ MOITURE CONTENT,CONDUCTIVITY ARD SUCTION

READ(5,800) (TET(I) ,HK (I),SUC(I),I=1,HGIV)
FORNAT (3E12.4)

READ MOISTURE INTERVAL
READ(S5, 820) DELTET

FORMAT (E12.4)

PO 40C0 IDS=1,NDS

TETSIN=TET (1) *DEG (1DS) /100. .
1=1 -
IF (TETSIN-TET (1)) 451,452,453

I=I+1

GO TO 456

N=1

GO TO 455

: DIFV=TETSIN-TET(I)

455

502
805

8ou
807
808

826

402

401
702
900

DIF2=TETI(I-1)~TETSIN
=1

‘IF(PIP1.GE.DIF2) #i=8-1

HKSAT=2HK (1)

TETIN=TET (M) *100.

TETPIN=TET (1)*100.

SATIN=TETIN/TET (1)

SATFN=TETFIN/TET (1)

WRI.E(6,807)

WRITE (6,502) (TITLS(I) ,I=1,20)

FORMAT (20A4) .
WRITE (6,805) '

WRITE(6,804)

FORMAT (44 X,3H(X),21X,8H (CB/SEC) , 21X, UH (CH})
WRITE(6,807)

FORMAT (//)

DO 808 I=1,M

NA(I) =I ,
WRITE (6,826) (NA(I),TET(I),
FOEMAT (18X,I5, 15X,E12.4,15X,
MMi=H-1

HHZ=H—2 oA
BD=NT. : =
pO 4000 IR=1,NR

NP=IR

RAIN=RAINRT (IR)

IF(RAIN.LE. HKSAT) GO TO 4000

RATIO=RAIN/HK (1)

IFP (RAINKT (IR)-HK(1))601,802,400

TETU=TET(1) :

GO TO 907 ,

I=2 <y 3

IF (RAINRT (IR).GE. HK(I))GO TO 905

I=T41

GO T0 702

HK (I) ,SUC(I) ,I=1,H)
E12.4,15X,E12.4)

206.

FORMAT (///» 20X, 2H N,18X,B8HHOISTURE,17X,12ACONDUCTIVITY, 17X, 7HSUCTL
10¥) }



122
123
124
125
126

128
129
130
13
132
133
134
135
- 136
137

138

139
140
161
142
143
144
145
146

148

149

150
151
152
153
154
155
156
157
58

162
163
164
165
1€6
167

168

169
170
17
172
173
174
175
176
1717
178
179
180
181

905 TETUtTET(I)O(RAINRT(IR)-HK
907 DEFMOS=TETU-TET (M)

1000 FORMAT (//,24X,63HRAINPALL IRTENSITY

RATExRAINRT (IR)
TETU=TETU*100.
WRITE(6,3001) RAIN
WRITE (6,3002)RATIO
WRITE (6,3006) TETIN
WRITE (6,3015)SATIN
WRITE(6,3007) TETU
SATFN=TETU/TET (1)
WRITE(6,3016)SATPN
#RITE (6,1000)

1S NOT ACHIEVED)
WRITE (6,3008)
GO TO 2999

SAV COBEUTATION

400 TETO=TET (1)

201

IN=H8/2
IL=2#%1n .
IFP(IL.KE. IN)GO TO 200
xnznaquc(1)+suc(n)
SUH 1=°l-
sun2=0,

DO 210:.1=2,481,2

. SUN1=SUN1+2, *s0C (I)

210 SUN2=SUM2+4,*SUC (I+1)

SAV=DELTET?(AREAfSUH1+SUH2)/3.
SAV=SAV/(TET (1)-TET(H))
GO TO 3C0

200 IM=(N~-1)/3

221

230

‘

220

ZOQSAV=SAV00.S?(SUC(I)*SUC(I*1{)‘DELTET

30C

- 3001
3002

IL=3%18 .\ -
_IP(IL.NE.NN1)GO TO 220
AREA=SUC (1) +50C (¥)

SUN1=0. -

sun2=0.

uH2=8-2 _

DO 230 1=2,8M2,3
SUMI=SUR1+3, % (SUC (I) +SUC (1+1))
SUN2=SUN2+2, #SUC (1+2)
SUM2=S0M2-2, *SOC ()

SAV=3.*(AREA#SU&1OSUHZ)‘DEiTBT/B.

SAV=SAV/(TET (1)-TET (M) ) .
GO TO 300 v
SAV=0. ' ‘

DO 20 I=1,HMM1

SAV=SAV/(TET (1)-TET (#}) -
DEFPMOS=TET(1)~-TET ()"

PS=SAV‘DEP&05/TRAINRT(IR)/HK(1)41.)

TSAT=PS/RAINRT (IF)
ZSAT=FS/DEFPNCS
TSH=TSAT/3600.
WRITE(6,3001)RAIN

FORMAT (//,30X,30HRAINFALL INTENSITY

WRITE (6 ,3002) RATIO i
FORMAT (3CX,3CHI/KSAT RATIO
WRITE(6,3003)TSH

207.

(X)) *(TET(I) ~TET (I~1)) / (HK (I~1) -HK (I) )

IS LESS THAN KSAT*SATURATION I

= (E10.8,2X,6HCH/SEC)

= ,E10.8).



182
183
184
185
186
187

189
190
191
192
193
194
195
196
197
198
" 198
200
201

203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
- 225
226
227
- 228

229

230
231
232
233
234
235
236
237

238 -

239

240

241

aaon

3003
3004
3005

3006
3015
3007
3016,
3008

2999

321

322

500

705
700

3013
3009
3010
3011
3014

3012
3000

208.

roanar(3ox 30HTINE FOR SOURPACE SATURATION +210.4,2X,4HB00R)
WRITE(E, 3oou)zsnm : . T
FORMAT (30X,30HDEPTH OF SURFACE SATURATION +E10.4,2X,2HCH)
WRITE(6,3005)SA% .

FORMAT (30X,30HAVERAGE SUCTION = ,E10.8,2X,11HCN OF RAT
1ER) .

WRITE(6,3006)TETIN

FORMAT (30X,30HINITIAL MOISTURE CONTENT = ,B10.8,2X,2HX )
WRITE (6,3015)SATIN

PORMAT (30X,3CHINITIAL DEGREE OF SATURATION= «B10.4,2X,2H% )
WRITE(6,3007) TETFIN _

FORMAT (30X,3CHPINAL MOISTURE CONTENT = ,B10.4,2X,2H% )
HBITE(6,3016)SATPN §
FORMAT (30X,30HFINAL DEGREE OF SATURATION = ,E10.4,2X,2HX )
WRITE(6,3008)

PORBAT (//)

NS 1=M~1

DO 3000 IT=1,NT

TIA=TIRE(IT)

THOUR=TIN/3600.

IP(BAINRT (IR).GT.HK(1))GO TO 322

PCUN=RATE*TIME (IT)

ZFRONT=FCUM/DEFPMOS

IF (XIT-1)3014,3013,3014 B

A=HKSAT#*SAV*DEFNOS : )

SOLUTION FOR ACCUMULATED INPILTRATION * FCUn

IF (TINE(IT).GE.TSAT)GO TO 505
RATE=RAINRT (IR)

FCUN=RATE*TINE (IT)

ZFPRONT=FCUN/DEFNOS

IF (IT-1)3016,3013,3014

AP=FS

IA=0

PEXP=HK (1) * (TINE (IT) ~TSAT) +FS
SEXP=AF=A/HKSAT*ALOG ( (A+HKSAT*AP) / (A+ HKSAT4ES) )

IA=IA+1

DELTA=PEXP~SEXP

IFP (ABS (CELTA) .LE.O. 001)co TO 700

AP=AP+DELTA/2

GO TO 699

FCUN=AF

ZFRONT=FCUN/DEFMOS

RATE=HKSAT+A /FCUM

IF(IT.NE.1)GO TO 3014

VRITE(6,3009) ) . ,
FORNAT (19X,4HTIME, 17X, 20HRATE OF INFILTRATION,10X,22HDEPTH OF WETT
1ING FRONT)

WRITE (6,3010) :

FORMAT (12X, 6 H(HOUR) , 6X, SH (SEC) , 17X, 8H (CH/SEC) , 25X, 4H (CH) )
WRITE (6,3011) ,

FORMAT (//).

X (IT) =THOUR

Y (IT)=2FRONT

WRITE(6,3012) THOUR, TIN,RATE, ZFRONT

FORMAT (10X, E10.4,2X,E10. 4, 13X,£10.4,21X,E10.4)

.CONTINUE - o

XSQR(1)=0,0¢

YS(1)=0.0
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IC=1

IF(X(IC).GT.TSH) GO TO 270

IF (1C.EQ.NT) GO TO 290

IC=IC+1

GO TO 2€5

NOBS=RT-IC+2

DO 280 1I=IC,NT

JX=II-IC+2

XSQR(JX)=SQRT(X(II))

YS (JX)=Y(IX) g

IF (NOBS.GT.MREG) GO TO 287

WRITE (6,286)

FORHAT(//,SX,'HUHBER OF POINTS IHSUPPICIENT FOR REGRESSIOI')
GO TO 4000

CALL GENAR . ,

GO TO 4C00 : '
WRITE(6,291)

PORMAT (//5X,*LAST VALDE OF TINE GIVEI IS LESS THANR TSAT')
CONTIRUE .

END

REGRESSION ANALYSIS FOR THE DEPTH VS TIME PUNCTIORN
SUBROUTINE GENAR

DINENSION X (200), DI(25),D(20)

DIMENSION B(10),E(10),SB(10),T(10)

DIMENSION XBAR({11),STD (11) ,COE(+1),SUNSQ(11) ,ISAVE(1Y)
DIMENSICH ANS(10) ,P(300)

DIMENSION XSQR (200), 15(200)

COMMON XSQR,YS

CONMON NOBS, HREG

N=NOBS -

H=MREG

WRITE(6,3)

SRITB(6,4)N

L=N%*y

DO 110 I=1,K

J=L+1

X(I)=XSQR(I)

X(J)=YS (1)

CALL GDATA(N, H,X.XBAR STD;D,SUHSQ)

BH=N+1

sun=0.0

N¥TP=N-1

DO 200 1I=1,M

ISAVE(I)=I

CALL OKDER(MM,D,MM,I,ISAVE,DI,E)"

CALL MINV(DI,I,DET,B,T) e
cALL NULTR(N,I,XBAR,STD,SUMSQ,DI,E,ISAVE,B,SB,T,ANS)
WRITE(6,5) I _

IF (ANS (7)) 140,130,130 -

SUMIP=ANS (4) -SUN T

IF (SUMIP) 140,140,150

WRITE(6,13)

GO TO 4C07

WRITE(6,6)ANS(1), (B (J) ,J=1,1)

SUM=ANS (4) : ’ -
WRITE(6,10) SUMIP ‘ '
NI=ANS (8)

COE (I} =ANS(1)

po 160 J=1,1

COE(J+ 1)=B(J)

—



210,

302 LA=X

303 200 CONTINUE

304 3 FORHAT(///,'POLYNOHIAL:REGRESSIOH')

305 8 PORMAT (23HONUMBER OF OBSERVATIONS,I6)

306 S PORMAT (12X,32H POLYNOMIAL REGRESSION OF DEGREER,I3) : :

307 6 FORMAT (15X, *REGRESSION COEPPICIENTS IN INCREASING ORDER',6E20.7)
308 10 FORMAT (15X, * IMFROVEMENT IN TERMS OF SUNM OF SQUARES®',F20.5)

309 13 PORMAT (15X,tNO INPROVENENT ')

310 4007 M=MREG

311 RETURN

312 END

END OF FILE ‘ .
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. ‘\\\\ APPENDIX C

RESULTS OF MEIN AND LARSON'S SOLUTION FOR RESIDUAL SOILS

Figures A.1 to A.9 summarise part‘of the results obtained for
the 9 assumed residual soils by application of Mein and Larson's solu-

tion to the vertical infiltration problem.

Only the curves.for the depth of infiltration with time are |
pgesented. Here, timeé.up to 24 hours have been considered since they
arg the practical period in which slides would occut;‘ Rainfall dura-
tions larger than this value have occurred, as noted by Barata (1969)
but theyvcorresbond to rainfalls of periods of return’that are eiceq;
sively ﬁigh. Larger times could also be consi&ered but it is.expected
that' 24 hours is a reasonab'e value for pﬁrposes of presentation of o

the results and carrying out the analyses.

In these figures, only the curves corresponding to rainfall
intensities 2, 4 and 8 or 10 times the permeability are presented. It

~ 1s observed that these curves practically coincide as noted before.

Although the initial degree of saturafion of the residual
soils gtarﬁé at a Y;lue about 60Z, it is felt on the basis of the analy-
t
ses Presented in thia,thesis, that critical sitqations arise when the
initial degree of éatﬁration is about 902 due to the moisture redis-
tributiqn during the rainy season. Therefore, the curves presented

here correspond to_this value of the initial degree of séEifhEion only.
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