9054101059

ary science con-
vironment.

|uifers that ulti-
raters, this book

cll as on the mine-
naquifers. Intro-
inwaler (o ground-
onate reactions; lon
Redox processes;

9061918790
roceedings of an
1989

i & tracer exper-
criments; Model-
ion theory & trans-
nodelling, parame-
low & transport in
ns.

9061917859
csoils and rocks
angkok, December

ion; Environmental
rojects; Environ-
; Wastes & their

9061916321
[ waste manage-
‘um on geotechnical
ment, Fort Collins,

cal transport; Geo-
1s; Regulations &
stories.

9061912776
terrestrial and
1
515.00/£350
Id & laboratory
impact of routine
znt the following is
s, in plants, in
15. A standard refer-
% regulation of

mtium; Zirconium;
hanides.
alt; Nickel; Zinc;

um; Bromine; Tech-

reach element.

TUBPLICAZ oz S8
Geomechanics and
Water Engineering
in Environmental
Management

Edited by
R.N.CHOWDHURY

Department of Civil and Mining Engineering, University of Wollongong, NSW, Australia

OFFPRINT

A.A.BALKEMA /ROTTERDAM / BROOKFIELD /1992




1992, 25m, 640 pp., HIL185/599, 00/ £58.

".. . nean conference on enwronmemal georechnology. Ce.mrc, Turkey

R wastes in earth structures; momlormg schemes; elc.

*"- understand and predict the impact of pollutant discharges of engi-

1o the devetopmment of hydraulics in the past three decades. In =
- 7 Tecenl years, environmental hydraulic problems have been assum-"".
B mg increasing imporiance in many Southeast Asian countries and - treated: The clement in parcn{ matcnals & 50115, in plart

: {+-include: Mixing of wastewaler effluent discharges; sca outfall :
© 1 design; hydrodynamic and water guality modelling; environ- -
- mental management; floed hydraulics and hydrology; hydmulics

o _Aqrm Pauﬁc rcg:on m this ficld is wc!f prcscnlcd in this book

: '-'C‘Ilowdhury,R N (cd) RS RE! 9054101121 _"Appclo,C AJ &D Po:lma :
"~ Geomechanics and water engmeermgm envnronment'il 7" Geochemistry, groundwater and p
management 1701992, 25 cm, ¢.500 pp., HAL ]40/$78 00/£44
: S :_Grounciwater geochcmlslry isan mtcrdlsmplma:y scien
" - This book is 2 unique interdisciplinary pubhcauons, ihe ﬁrstat- - cemned w:Lh the chcm istry | in lhc subsurface cnvn‘nnmen
.- 'lempt {o get out of narrow boundaries often necessitated by the
- modern trend of increasing specialisation. Several chapters deal 1
with case studics or regional sludics whxlcolhcr have an nuldcmm
::orresearch Mlavour. The book also prowdcs akind of world R
L2 perspeclive with di\,t_uwon of case slud:cs or pmblcms fi rom i
many coumrlcs o L ._

duction to groumlw ater gcochcmlsl.ry, Fmtn nmwalcr to gmumi—
waler; So!ulions mmcrals and equilibria; bor

| FF?OM THE SAME PUBUSHER

L -Bcnedml M K Andnh &R Harboe (e(}s) 90619} 1486 o
i Waler resources management: Modern declslon techniques . '_mrema!zanal .n:mpo;mm Smr:gan 4 6Ap
" Selected papers from the international symposinnton the applica- 1989, 25 cm, 500 pp., H165/$90.00/ £52
iionaf, .syslems analysxs to warcr resources managemcm Pcrugw, : -Field methods & data processing; Field stud
L1986 . 2='+iments; Contaminant chemisiry & column ex
21992, 25cm 155pp HII IISI$6¢00/£35 LT '_.'-lmgofchcrmsuycoupledmzranspolespers : 8 Vi a
-+ : State of the art of various principles undcrlymg the appEtcauon of - port in fractirés media; Numerical aspects of modelling; paramc— SN RGA
systems analysis {0 waler resources mamgemcm chhmqucs in-- " ter identification, & oplimization; Multiphase flow’ :
- - volving lincair and dynamic programming, uncertaintics and risk - - unsaturated soil; Various methods & application:
.- 'analysis and multicriteria approaches with regard 10 decision make ety i
‘ing in water resources management plannmg Padicular mfcrcnce - Balasubramaniam, A_S., etal.'(eds.):
- -of some case smdtcs to devc!opmg countries. 12 sc[ectcd p'lpers *:Environmental geotechmcs and prob

9054100559 ‘ :
1988 25cm 576pp Hﬂ225!$125 JE10
: Goolcchmcalcomml&envnonmcmalprolec' -
 geotechnical aspects of major infra-structure projects;
i mcntal geotechmcal aspects ofnatura] hazard

Usmen Mumlm A. & Y B Acar (cds )
‘Enyirénmental geolec!molngy Pmrccdmgs of the Mediterra-

L2527 May 1992 -
*:1992,25 cm, 600 pp., L 140/$'IE 00/£44 R IIEN R
. Topics: Characterization of wastes; risk asscssmcms tochmqucs,

* fundamentals of experimental and theorctical modelting of con-7: -
.. taminant transpori; determination of motdel paramelers; soit waste -;_3
/... interactions which influgnce performance; design and anlysis =0
~- schemes [or passive containment systems; available and emerging :

" active sysiems; performance assesstent methods; uscof amended - 5 7F ebruary]986 : :

: 1986, 23 cm, 570 pp., Hﬂ 185/399 00/£58_

'_JHWLcc&YKChcung(eds) -j 9054100389
- Environmenal hydrautics - Proceedmgs of !he mrcmattanal
-gymposium, Hlong Kong, 16 = 18 December 1991 /1
21991, 25cm, 1500 pp., 2 vols., H.225 /$125. 00/£70
;. "The scientific managcment of waler resources requires an un

" derstanding of hydraulic and hydrologic processes. The need to

“:echnical design; Reclamation & design aspecis
“publi tmccms. Groundwater& other case

aquauc em‘;y';lemq ZA eritical revzewof data
_'__1983—84 25cm. 2544pp ﬁvois Hil. ]100/’$61

“‘neering works on the water environment has provided an mlpclus

- citics, including China and Hong Kong. The proceedings contains - domestic animals & man, in aquatic ¢cosystems, Asmn{h
: acoliccuonnfkeynoleand invitcd papers together with contribu- - ence work forlhoscconccrncciwnhlhcstudy& ' i
= fions selected for presentation at the symposium. The papers sum- :“radioactivity in the environment. - ¢ :
“marize recent advances and praclical applications in themes that " = Volume 1: General principles; Rub:{hum .
-;'Nmbmm Ruthcmum Cacs:um Cenum Lanlltamdc,s

el wasl_cwa[cr_coliccllqn aiul treatment systems In additional to 7
- basic rescarch findings, a rich varicty of cxamples of application i netium; Tm Anumony, Tciiunum Iodme :
- ‘of hydraulic and numerical modelling to environmental problems - Volume 4: Plutoniurm; Ncplumum
“can be found. !npzmlcula:, the robust research activity inthe ~* _-'Vn!umes' Amcncmm Curium, ;
”anumeé Compendmm summansmg dataforeac elem {

Al books ava:[able fmm your bookscller or dzrectly fmm the publ:vher :
: AA.Balkema Publishers, F.O.Box 1675, Rotterdam, Netherlands -
Ifor USA & Ccmada A. A. Balkema Publ:shers, O!d Posth Brookﬁeld VT, USA




CHAPTER 4

Observed and predicted critical hydraulic conditions
in natural inhomogeneous slopes

M.-G. ANGELI
IRPI, National Research Council, Perugia, Italy

1 INTRODUCTION

Natural slopes are often inhomogeneous and therefore characterized by units of different
hydraulic conductivity (e.g.: clay and sandy layers). Inside these units, it is guite common
to observe nearly permanent high pore pressures distributions.

This may occur especially when strata dip is parallel to the dip of the siopes according to
the relative thickness of the layers and to the extension of the water recharge areas.

Under these conditions any short-term perturbation of the steady state groundwater flow,
due to an exceptional rainfall event, may induce pore pressures increases along a potential
slip surface. o

The correspondmg reduction of the effective stresses may lead to a first time failure in
sound slopes or to a landslide reactivation in past-failed slopes.

In the latter case, the superposition of impervious slide debris, the rearrangement or the
cut-off of layers of different hydraulic conductivity and the formation of significant
discontinuities inside the landslide mass (induced by the first landslide movement) faci-
fitate the water infiltration in depth and the disruption of the groundwater flow within the
hill. After heavy rainfalls or rapid snowmelting, an excess in pore pressures may arise along
the existing slip surfaces or/and discontinuitics and lead to the remobilization of the
landslides.

- The main purpose of this chapter isto pomt out the 1mportance of i mvestxgatmg the actual
groundwater flow patterns in slopes. This is either to predict the possible triggering and
reactivation of the landslides or to design the most appropriate control measiures.

- The treatment of this topic will pass through the fundamentals of the slope hydrology. It

will include some landslide cases involving both experimental and theoretical aspects; the

critical hydraulic conditions were observed (by means of ordinary andfor automatic
monitoring instrumentation), predicted (by means of groundwater flow numerical models)
or both.

The attention will mostly be focused on the steady state groundwater ﬂow inside the
slopes, in order to detect their attitude in landsliding.
~ Nevertheless, the fundamental role of the short-term piezometric variations in triggering
impulsive landslide movements will not be neglected.

Many aspects within the field of groundwater motion in slopes are not considered in the
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104 M-GAngeli

context of this chapter, and will only be mentioned in passing. For example, infiltration
problems will not be discussed; the reader concerned with these or other problems should
consult one of the many standard text books for further details (e.g. Freeze & Cheny
1979).

2 AN QUTLINE OF THE STATE-QF-THE-ART ON SLOPE HYDROLOGY

Many aspects relating to the hydraulic conditions in slopes have been dlscussed n sc1enttﬁc
literature,

Patton & Hendron (1974) show the differences between the groundwater flow pattern
commonty assumed in geotechnics and the one usuvally found in practice in a slope formed
of a homogeneous and isotropic medium.

In the first case flow is assumed to occur subparallel to the groundwater table and the
distribution of pore-water pressures is everywhere in the slope nearly hydrostatic. Neither
recharge or discharge areas are considered in the slope.

In the second case a downward flow in the upper portions of the slope (recharge area) and
an upward flow in the lower portions {(discharge area) are normally observed. That is a
nonhydrostatic distribution of pore-water pressures throughout the slope. Significant
variations from this would occur in areas where there is a regional groundwater recharge or
discharge and where the permeability within or recharge to the slope is nonuniform, -

Still making reference to the latter case the authors simulate the placing of an impervious
fill at the toe of the slope or the occurrence of a slide debris. The effect would be to dam the
outflow of the groundwater in correspondence of the discharge area where an upward
pore-pressure gradient arises in the holes there drilled. Both the level of the groundwater
table and the groundwater pressures in the area of the slide debris tend to increase. When
pore-water pressures build up to critical values an aceeleration of the movemnent of the slide
debris occurs, favouring a removal of the slide debris from the hillside ina relalwely short
period of geologic time.

The authors also present some readings of excess pore-water pressures below the floor of
some vaileys indicating that the valleys act as a regional groundwater discharge areas.

Different examples of regional groundwater flow patterns are discussed by Hodge &
Freeze (1977) who present several computer simulations of flow systems in a variety of
hypothetical slopes or, in other words, in a variety of regional geologic environments. They
conclude that critical groundwater flow conditions can be found in anisotropic formations,
especiaily when a unit of higher conductmty is confined between two low conductlvaty
units.

Lafleur & Lefebvre (1980) and Lefebvre (1986) describe the groundwater regime
changes associated with the process of valley formation in Canadian soft clay deposits and
how this regime, in an intermediate stage of the valley deepening process, can become
critical for the stability in the lower zone of the slopes, favouring deep landslides at the toe
of the slopes. The stratigraphy of these clay deposits can be simplified by considering it to
be a stratum of low permeability confined between two boundaries layers of relatively high
permeability,

From the above studies it is possible to infer that any stability investigation at a particular
slope site should pass through the definition of the regional groundwater pattern or, at least,
through the collection of information on the recurrent groundwater flow pattern of similar
slopes in the same geologic environment.

3 INTRODUC
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3 INTRODUCTORY ELEMENTS OF SLOPE HYDROLOGY

3.1 Total head and hydraulic gradient

Bernoulli equation, which is in fluid mechanics the classical formulation of mechanical
energy loss during fuid flow, can be written in terms of head as follows:

. 2
He=z+—+ -~
Yo 28
where the term H, called the total head, is constituted respectively by the sum of the
elevation head (potential energy per unit weight of fluid), the pressure head (pressure
energy or flow work per unit weight of fluid) and the velocity head (kinetic energy per unit
weight of fluid).

h =z + -~ is called the hydraulic head.
Y
For saturated porous-media, flow velocities are extremely low, and the term expressing the
velocity head can be neglected. In this case the total head H coincides with the hydraulic
head k.
Therefore any loss of mechanical energy of a fluid flowing from 2 point P, to a point P,
of a soil mass can be expressed as a variation of & (Fig.1).

] Datum*
A | 2 _ _ _ - . . S | R A

Figure 1. Water flow between two points of a soil mass: Definition of hydraulic head and hydraulic
gradient.
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InFigure 1, z, and z, represent the height of P, and P, with respect to a datum level, ,/y,,
and u,/Y,, the height of the water columns in equilibrium with the pore pressures at P, and

If hy 1s equal to i, there is no flow from P, to P,. There must be a difference in the values
of 4 to induce water flow in a 501l mass, the flow taking place from the points with higher
values of /1 to points with lower values,

With reference to Figure 1, the rate of flow is governed by the hydraulic gradient, defined
as follows:

_ dh

dr

For the special case of a horizontal fluid flow from a point P, to a point P, (z =z, =z, =
const.) the variation of & coincides with the variation of the term u/y,.. In other words, the
rate of flow is governed by the pressure gradient between the two points.

3.2 Poiseuille’s law and Darcy's law

Itis possible to choose different ways to approach the topic of water flow through saturated
porous media.

In this context we use, as a starting point, the introduction of two fundamental laws, one
belonging to fluid mechanics and the other one to groundwater hydrology.

This is to introduce the topic in a conceptual way, rather than followmg a step-by-step
treatment.

The first of these laws, known as Poiseuille’s law, represents the reianonshIp governing
the laminar flow of water through round capillary tubes.

It takes into account such factors as the property of viscosity (any ‘real’ fluid, in
opposition to the hypothetical concept of a ‘perfect’ fluid, shows this property), the
hydraulic gradient i (as previously defined) and the dimensions of the tubes. It is introduced
first to give the reader a general idea on the similar factors which affect flow through soils.

The second law, known as Darcy’s law, represents the relationship governing the laminar
flow of water through soils. But, since soil pores are very tortuous and, therefore,
considerably different in shape in comparison with straight and smooth tubes, it takes into
account the factors considered in Poiseuille’s law only from a macroscopic or synthetic
point of view.

After these preliminary remarks, let us explain in detail the two laws.

If we consider the flow of a fluid induced by the relative motion of two parallel flat plates,
the lower at rest whereas the upper moving at a constant velocity vp, it can be shown that the
velocity distribution in the fluid is linear (Fig.2) with v, =Oand v, =vp.

In order to maintain a constant velocity of the upper plate or, in other words, the same
velocity distribution in the fluid, we need to apply a tangential force balanced with the
frictional resistance in the fluid. In this way we can obtain that the shear resistance per unit
area of the plate is proportional 10 v, and inversely proportional to y,,.. At any point of
co-ordinate y the shearing stress T is proportional to dv/dy where the viscosity 7 is the
costant of proportionality:

The rate of laminar flow through a cylindrical tube of radius R can be now described
(Fig.3).
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Y

Figure 2. Flow of a fluid in-

duced by relative motion of
y two parallel flat plates.
| évw)

- - —Vav—-"
————

Figure 3. Laminar flow through a cylindrical tube.

Let us consider a coaxial cylinder of fluid. To have a constant velocity at any point of a
cross section, there must be a balance between the pressure forces acting on the bases of the
cylinder and the tangential force acting along the sides:

Y by ~h)ny*=t2nydl

or
dh\y
T= Yw —
dLj2 dv )
Equating this expression to the above T =-n— in which the gradient of v is now negative,
we obtain; © : dy
dh y dv
. War 2 - —ndy
and then
dv_ dhy
dy * L _
Remembering that I is the hydraulic gradient { we can write
dv _ e )

dy 21
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Integrating with respect to y:
-y 2
w(y) = Tty +C
am
and taking into account as a boundary condition v = 0 when y = R, we obtain:
Yol
v(y)=—
o) p

which is the equation of a parabola (i.e.: the distribution of the velocity is parabolic).
When y equals 0 we obtain the maximum value of velocity:
YR

m

The total discharge may be easily calculated starting from the rate of flow through an
annular section of tube, which is

v(y) 2ty dy

Integrating this expression from 0 to R we obtain the tota discharge:

(R2-y?

max

wRYy i

81
This is the expression of Poiseuille’s law. As previously mentioned, it expresses that the
volume flow rate is directly proportional to the hydraulic gradient and to the fourth power of

the radius of the tube (i.c.: to the dimensions), and inversely proportional to the viscosity of

the fluid. But, because (7R?) is the area A of the tube, we can rewrite the above expression as
follows:

0=

 R%A
o IR
&n
Hence the average velocity is:
Q _ 1.k
Vav ==
A 8n
thus
1
v v

After having presented Poiseuille’s law, valid for laminar flow in circular tubes, we can
conveniently pass to the illustration of the flow through soils, remembering that pores of
most soils are so small that flow of water through them is laminar.

We have now sufficient information for making significant analogies between the
laminar flow through circular tubes and through saturated porous media.

For example, we could consider the flow rate through pores as the sum of separate (by the
soil matrix) flow rates through capillary tubes, still governed by Poiseuille’s law. But we
cannot forget that pores in soils are highly irregular and often even not continuous. Hence,
the difficulty in analysing their single contributions to the total discharge through a cross
section of soil.
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For this reason it seems more than ever convenient to measure the rate of flow through a
saturated soil mass in terms of the Darcy’s law.

In 1856 Darcy demonstrated experimentally that the rate of flow through soils is
proportional to the hydraulic gradient / =—dh/dL.

Imposing a difference in hydraulic head of — dh/dL at the two end sides of a sand sample
of length dL (Fig.1) and with a cross-sectional area A, he obtained for the total discharge the
expression

J=kiA

In words, the rate of flow results directly proportional to the hydraulic gradient / and to the
cross-sectional area A by a proportionality factor k.

k is generally designated as the hydraulic conductivity (or coefficient of permeability).

The specific discharge rate (i.e., the volume of water flowing through a unit cross-
sectional area per unit time 1) or simply the flux Q/A is indicated by g.

Q_,.
q 3 ki
k in turn depends on several factors, as viscosity of the fluid, porosity of the soil and many
others.

Therefore, on the whole, we can say that Darcy’s law is influenced by the same factors
which affect Poiseuille’s law (i.e.: the hydraulic gradient, the dimensions of the water
paths, the viscosity of the fluid, etc.).

In detail k£ depends on different factors.

It varies with the density and the viscosity of the soil water. But, since there is generally
little variation in soil temperature, except for a narrow zone close to the ground surface, the
effect can be usually ignored. Laboratory permeability tests, carried out at room tempera-
ture (some degrees higher than in the ground), may give slightly higher values of £, as a
result of reduced viscosity.

Furthermore, it depends on the porosity of the soil, the shape and arrangement of the soil
particles, the degree of saturation (it has a considerable effect) and the thickness of the
adsorbed layers, in the case of fine-grained soils. _

It is strongly influenced by the turbulence of flow which can make Darcy’s law invalid.

In fact, as previously stated, Darcy’s law applies only as long as flow is laminar (Fig.4).

-
-~
Darcy's law /—\
o————

Valid

“Flux (q)

Figure 4. Range of validity of
Darcy’s law.

Hydraulic gradient (i)
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We can give a quantitative definition of the laminarity of a flow in terms of the Reynolds
number Np, =d v p/n , where d is a mean pore dimension or a mean grain diameter, v the
mean flow velocity, p the liguid density and 1 its viscosity.

To keep the flow laminar through porous media it is suggested (Hillel 1980) that the
Reynolds number do not exceed the unity value.

Conveniently, due to the narrowness of soil pores, laminar flow is the rule rather than the
exception in most water flow processes taking place in soils.

3.3 Equations of groundwater flow: Transient and steady state saturated flow

Darcy’s law enables to describe only steady flow processes. To describe unsteady flow
processes we need the introduction of the mass conservation law, expressed by the equation
of continuity.

This equation states that the net rate of ﬂuld mass flow into any elemental control volume
of soil (that is a definite volume fixed in space) is equal to the time rate of change of fluid
mass storage within the element (Freeze & Cherry 1979).

Considering the case of three-dimensional flow, the rate of increase of g, gy and q,

(indicating with q,, q, and g, the fluxes in the x, y and z direction) must equal the rate of
decrease of volumetric water content 6 with time ¢;

% (a_q,,+ %, Eiz)

a  \ox dy Oz
Substituting to q,, ¢, and g, the expressions derived by Darcy’s law for three-
a; ah ah '
dimensional flow conditions (i.e.: — 81 k a 8 )we obtain:

6_9 a(k dh a(k ah) _a(kz%
ot E™ Tay] oz\ 9z
which is the general equanon for unsteady flow through porous media.

In a saturated soil with an incompressible matrix (06/0¢ = 0) and because the saturated
conductivity is constant, it becomes:

Pho | Fh o, Ph
k22 vk & e g
ax2 ¥ 9yt dz2
which is the equation for steady state flow in an anisotropic soil.
In an isotropic and homogeneous soil (where k = k, = k, = k,) we obtain:

Bzh 821: o2k
83:2 ay2 a2

This is a second-order partial differential equation known as the Laplace equation.

Its solution A(x,yz) describes the groundwater flow through saturated porous media,
under steady state flow conditions (i.e.: independent from temporal changes). These are the
flow conditions commonly assumed in geotechnics, especially when the main purpose is to
detect a distinctive groundwater flow pattern (nearly permanent) in a certain slope more
than to describe the temporal changes of the hydraulic heads inside it. To a certain extent,
the aim is to obtain a sort of steady image of the groundwater flow pattern.

As a differential equation can have an infinite number of solutions, we also need to
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assume a number of boundary conditions in order to obtain the solution to our problem.
Boundary conditions will be discussed in detail in a separate paragraph (3.5).

In general the solution to the above equation can be obtained by means of different
methods: 1) by inspection; 2) by graphical techniques; 3} by electrical analog model; 4) by
analytical mathematical techniqgues; 5) by numerical mathematical techniques.

First and second of the above methods can be applied as far as the groundwater flow
problems are particularly easy with reference to the geometry of the region of flow. Also the
analytical methods are limited to flow problems in which the region of flow, boundary
conditions, and geologic configuration are simple and regular. If we move to a more
difficult problem (i.e.: complicated regions of flow) it becomes necessary to invoke a
different method of solution. In the present context we use numerical solutions, which are
the basis of modern computer simulation and are much more versatile,

3.4 Numerical solutions of Laplace’s equation

Numerical methods are based on the discretization of the continuum (i.e.: the regions of
flow) and for this reason they are necessarily approximate. Their effectiveness in many
complex groundwater flow problems fully justifies their widespread usage.

In most numerical methods of solving differential equations, the first step is to replace
the latter by algebraic finite difference equations. These last equations put in relation values
of the dependent variable (e.g.: /) at neighbouring points of a chosen point belonging to the
region of flow. The contemporary solution of these algebraic equations gives the values of
the dependent variables at a predetermined number of discrete points (grid points)
throughout the investigated region of flow.

For the sake of simplicity let us now neglect complex regions of flow and consider only a
numerical solution of the Laplace’s equation in a bi-dimensional and homogeneous region
of flow. We cauld also consider different numerical solutions with reference to anisotropic
regions of flow. But this is not the main purpose of this paragraph, which intends to
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constitute only a basic guide to the numerical solution of the groundwater flow differential
equations.

Therefore, let us consider the Laplace’s equation for two dimensional flow:
?h Ph
—_—t e =
o 922
The procedure adopted can be summarized as follows. The region of flow is covered with a
regular grid of size Ax, Az. At the nodes of the grid the hydraulic head is defined as

representative of the little squared portion of region included between it and its four
surrounding neighbours nodes (Fig.5).

Let us find out at the point 0 the value of 4(x,z) which satisfies the Laplace’s equation in
relation to the values assumed by A(x,z) at the points 1, 2, 3 and 4. In other words we have to
determine the values of & for each node in the grid.

Applying Taylor’s expansion theorem for the function 4 and considering the variation of
h along the x direction, we obtain the following two expressions:

20 32 333
hl=h0+Ax(ah) + (—A-i)—( yl) +%(ah) +..
0 0 0

0

ox 20 | ox? 3 9

M\ (A0 I\ (AW %
By=hg—Ax| =} ¢ S22 O TR,
e &(ax)(f 2! (axz)o 31 (aﬁ)ﬁ

Adding the above two expressions and neglecting the term of higher power (truncation
errors) we obtain '

Ph\ by +hy- 2k ‘
( a2 )0 T (M
Similarly, along the z direction
h\ _hy+hy—2h
( oz )0 2y
The Laplace’s equation can be rewritten in terms of finite differences by chosing as small as
possible values of Ax and Az. In fact, as the truncation errors are proportional to the high

power values of Ax and Az inside the neglected terms of the above Taylor’s expansions,
small values of Ax and Az lead to an increase of the accuracy in the computations.

|
(Axy
and for a squared grid (Ax = Az) it becomes

(i) + iy~ 2,) +(AZL)2(112 +hy—2hg) =0

1
hO:Z (hl +hy+hy+ h4)
or
h] +h2+h3+h4—4}10=0

This algebraic equation substitutes the differential Laplace’s equation.
It is valid for every internal node of the grid except for the boundary nodes at which

specific boundary conditions (i.e.: constant h; constant flux; etc.) determine the values of
k.
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Now, instead of writing the same equation for each node and to solve a large number of
equations simultaneously, let us introduce the relaxation method.

This latter methed is well known to be powerful (if implemented in a high speed
computer) and to give final results with a better degree of approximation.

Itis helpful to assign a rough trial distribution of the hydraulic head values throughout all
the nodes of the grid as close as possible to the final correct values, In this way the
computing iterative work will be considerably reduced.

The trial distribution of the hydraulic head values throughout all the nodes obviously
does not satisfy the above equation and usually a difference, called residual R, appears at
each node of the grid:

hl+h2+h3+h4"4h0:R0

The numeric procedure consists in making the equation pass through all the internal nodes
of the grid.

When the equation passes through nodes placed in proximity to external nodes, it takes
into account also the values of /i relating to these latter nodes.

Everytime that the equation completes a passage throughout all the internal nodes of the
grid, the boundary conditions update {or in some cases keep unchanged) the values of A at
the external nodes of the grid.

After a number of passages (say iterations} of the equation through all the nodes of the
grid the value of R, will tend to be minimized. When R, becomes lower then a predeter-
mined value € throughout the nodes of the grid or at chosen nodes, the procedure is
terminated and the final result reached.

At this stage, we have obtained values of /2 for all nodes and the equipotential lines (lines
of equal hydraulic head) can be now easily drawn by interpolation throughout the
considered region of flow.

The final result is not properly a flow net because such a figure or diagram is lacking in
flow lines. Nevertheless, in the context of this chapter, the convention of calling it a flow net
will be conveniently adopted.

3.5 Boundary conditions

With reference to different and complex geologic conditions several types of boundary
conditions could be utilized.

In theory the actual boundary conditions should be well known before starting any kind
of numerical analysis of the groundwater flow pattern in slopes.

In practice, especially in case of large slopes, the subsurface boundary conditions are
seldom known. The determination of the exact boundary conditions (not only at the ground
surface of the slopes but also in depth) would imply a detailed and onerous study of quite
Targe areas surrounding these slopes (i.e.: the installation of a very large net of piezometers)
and in fact it is often impossible to acquire this kind of information at a reasonable low
cost.

In this context we limit the discussion to the boundary conditions utilized in some of the
cases presented at the end of this chapter. We assume at any point on the model boundaries
either a constant hydraulic head or a constant flux.

Let us now try to explain the reason for the above assumpticns, making reference to a
conceptual model of boundary conditions which can be considered reliable in most
practical cases.
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Figure 6 schematically considers a bi-dimensional groundwater flow region. Water
moves through the slope masses flowing from the top of symmetric hills {or mountains) to
the bottom of the valleys in which we can find a river or a lake.

Let us now isolate .in Figure 6 the dashed left side portion. It constitutes a quite
independent groundwater flow region in itself (i..: 2 whole slope) in which we can try to
assign its own boundary conditions.

Due to the symmetric features of the major groundwater flow region, water cannot flow
perpendicularly through the boundaries AB and CD of the slope. The boundary condition
along these two vertical boundaries is thus characterized by the absence of any horizontal
flux (i.e.: zero constant flux). Since flux between two points may occur only under an
hydraulic head variation (that is never possible along an equipotential line) this boundary
condition for anode 1 lying on a boundary line with respect to a node 2 internal to the region
of flow (Fig. 7) will be expressed as i, = h,.

The absence of a downward flow toward the BC line (Fig.6) or, in other words, the fact
that the vertical trend of the hydraulic head values (measured in proximity to the horizontal

Figure 6. Simplified regional groundwater flow pattern.

B Figure 7. Boundary nodes in a discretization region of flow,

line BC) is not«
lower boundar
prove the exisk
condition can b
expression, vali
valid along the
As regards tl
quite common
table, that is

h=z+-

Since 1 equals (
h=z=y

In other words,
any point of the

In gentle sk
groundwater ta
ation the elevat

In conclusiol
(3.4}, the abow
external nodes,
b in all the intes

3.6 Infield pie

The collection
enables one to
flow net and the
The measun
meters installe
which the elev;
bottom and to 1
ready-made art
from the infiltr
A large nun
complex desig
nents.
The choice
investigation.
In the conte
and not an upd
First, in orc
possible any k
device. The in:
in pore press



region. Water
r mountains) to

stitutes a quite
h we can try to

ter cannot flow
idary condition
"any horizontal
only under an
} this boundary
1al to the region

words, the fact
3 the horizontal

PN

sLA

Critical hydraulic conditions in slopes 115

line BC) is not decreasing with depth, characterizes the BC line as a horizontal impervious
lower boundary. Also the decrease with depth of the hydraulic conductivity values can
prove the existence of this impervious lower boundary. In other words this last boundary
condition can be viewed as the absence of any vertical flux through the line BC. Its formal
expression, valid at any point of the BC line, will be totally similar to the above expression
valid along the AB and CD lines.

As regards the condition on the upper boundary AD, in absence of water recharge, it is
quite common to assume constant hydraulic head values at any point of the groundwater
table, that is

i
h=2z+—=constant
Y

Since u equals 0 in respect of the groundwater table the above expression becomes
h =z = constant

In other words, we assume as a boundary condition the elevation, above a datum level, of
any point of the discretization grid lying on the groundwater table.

In gentle slopes, formed of low permeability materials (e.g.: clays), in which the
groundwater table is quite coincident with the topographic surface, we take under consider-
ation the elevation of points belonging to this last surface.

In conclusion, remembering the relaxation method presented in the previous paragraph
(3.4), the above boundary conditions provide for an updating of the values of 4 in all the
external nodes, everytime the finite difference equation has finished updating the values of
h in all the internal nodes of the discretization grid.

3.6 Infield piezometric measurements

The collection of the pore pressures measurements at different point locations inside a slope
enables one to find out the water recharge or discharge areas, to draw up the groundwater
flow net and therefore, generally speaking, to define the groundwater flow pattern.

The measurements of pore pressures distributions in slopes are carried out by piezo-
meters installed in boreholes. A piezometer is usually a pipe, sealed along its length, in
which the elevation of a water level can be determined. It must be open to water flow at the
bottom and to the atmosphere at the top. The intake is usually a section of slotted pipe ora
ready-made article like a ceramic filter or similar materials. The intake must be protected
from the infiltration of the soil particles which would obstruct the pipe.

A large number of piezometer types are now commercially available including more
complex designs utilizing pressure transducers, pneumatic devices, and electronic compo-
nents.

The choice of the type to be used depends upon the requirements of a particular
investigation.

In the context of this paragraph only some remarks about the usage of the piezometers
and not an updated review of all the possible pressure devices will be made.

First, in order to obtain reliable measurements it is necessary to avoid as much as
possible any kind of disturbances in the zones which surround the pressure measuring
device. The insertion of a large size measuring device may give rise to significant changes
in pore pressures measurements (Nonveiller 1980). This is especially true in a low




116 M.-GAngeli

permeability soil, in which the presence of a piezometer implies a large transfer of water
from the surrounding soil and a consequent alteration of the natural pore pressure.

Moreover, one of the most important factors to be considered in choosing a piezometer is
the time lag of the complete installation. This is the time required for the equalization of the
pressure difference existing between the hole and the surrounding soil when the surround-
ing pore pressure increases or decreases (Hvorslev 1951). Itis inversely proportional to the
hydraulic conductivity of the soil and varies with the size and type of pressure measuring
device.

In practice, if the volume of water that is required to register a head fluctuation in a
piezometer standpipe is large relative to the rate of entry at the intake, there will be a time
lag introduced into piezometer readings (Freeze & Cherry 1979).

For this reason the type of piezometer to be used should be chosen between devices
which do not require large transfer of water from the surrounding soil. The internal volume
change of water, caused by the operation of the piezometer, should be as much as possible
minimized in order that the response of the complete installation to pressure changes in the
surrounding soil is rapid. Where it is not possible to obtain the above result, the tlma Eag
corrections suggested by Hvorslev (1951) can be conveniently introduced.

Nevertheless, when permeability of soils is relatively high, the time lag mvoived in usmg
an open standpipe piezometer can be acceptable,

On the contrary, when permeability of soils is definitely low the time lag mvolved in
using such an open standpipe piezometer becomes unacceptable.

In this last case, it is quite common to choose devices like Casagrande type plezometers
or electric pressure transducers.

Casagrande type piezometers in fact, among all the ordinary hydraulic devices, due to
the extremely reduced size of the tips (say cells or intakes) and to the small diameter tubes
connected to them, insure their operation with very small water volume changes and
therefore show an acceptable lag-time.

Electric piezometers measure the water pressure variations by the deflection of a little
diaphragm. Water volume changes are almost negligible. These last piezometers present
the joint advantages of an almost instantaneous response time and of the p0351b111ty to be
connected to automatic recording systems.

Apart from the problem of the time-lag involved in using any kind of piezometric device,
it could be of interest to compare the different behaviour of an openstandpipe piezometer
(with a large intake) and of a Casagrande type plezometer Since the first has usually alarger
intake (in comparison with the latter), it may give rise to significant errors in measure-
ment.

In particular, the readings taken by means of this device may be not representative of the
pore pressure values at a fixed point in the soil mass. They represent only an average value
of the pore pressures distribution at points of soil located around the intake of the
piezometer.

The larger the intake is, the larger is the shifting of this average value from the actual pore
pressure values operating at single points of soil mass located close to the intake.

On the other hand, Casagrande type piezomieters, due to the reduced size of their intake,
may take readings from a very restricted portion of soil mass. Obviously the electric
pressure transducers, due to their still more reduced size, may give the best response.

Figure 8 shows a typical difference in the response of the above two types of piezometers
{openstandpipe and Casagrande type) It considers a homogeneous infinite slope complete-
ly saturated. Groundwater flow is parallel to the ground surface. As a consequence, the
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Figure 8 (Left). Typical response of two different piezometric installations in an infinite slope {an
openstandpipe and a Casagrande type piezometers).

Figure 9 (Right). Typical groundwater flow pattern occurring in a gently-inclined slope: Pore pressure
changes coincide with groundwater table changes.

equipotential lines (lines of equal hydraulic head) result perpendicular to the ground
surface. Under these conditions a water level higher than in the Casagrande piezometer
would be measured in the open standpipe. Due to its large intake (its length equals the
length of the piezometer pipe) the first device would measure the level correspondent to the
groundwater table, whereas the second device would measure the level relative to the
equipotential line crossing its small intake.

Nevertheless, open standpipe piezometers can be profitably used in homogeneous slopes
and where a definitely horizontal flow is expected to take place (Fig. 9).

In these conditions, any open standpipe installed in a borehole will intercept the same
equipotential line all over its length. As a result the changes in pore pressures along the
intake will be connected with the groundwater table changes, being the pore pressures
distribution hydrostatic. If the groundwater table changes are particularly rapid and
permeability of soils is almost low, there will be a time-lag introduced into piezometer
readings: again the corrections suggested by Hvorslev can be conveniently introduced.
Two of the cases (4.3 and 4.4) discussed in this chapter, in which openstandpipes were used
in connection with electric pressure transducers, give examples of these reading correc-
tions.

4 CASE HISTORIES

4.1 Some landslides in marine clays (ltaly): Geotechnical surveys, observed and calcu-
lated flow nets

4.1.1 Preliminary remarks
Detailed geological and geotechnical investigations (Tonnetti & Angeli 1984) have been
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carried out from 1980 up to 1985 on some old landslides in overconsolidated marine clays,
affecting a number of towns in a hilly region of Central Ttaly (Fig. 10a). The climatic
conditions of this region are controlled by the proximity of sea; a large part of precipitations
occur in the form of rainstorm without significant variations with the altitude. The amount
of precipitations is about 8300 mm/year with rain intensity up to 200 mm per 5 consecutive
days.

More than 40 boreholes equipped with inclinometric tubes and Casagrande type piezo-
meters were drilled from the lower to the upper parts of the slopes considered. Every single
piezometric installation was equipped with two small size Casagrande cells typically
located at 15 m and 30 m in depth. :

After the first year of inclinometric and piezometric surveys it was possible to define the
geometry of the landslide bodies and to point out that the landslides, mainly of a translative
and retrogressive type and very similar to one another, were characterized by a high pore
pressure field operating in the lower portion of the slopes.

As the particular hydraulic conditions cause periodic reactivation of landslide move-
ments, they were the subject of careful investigation in order to provide a check on the
effective groundwater flow pattern.

4.1.2 Geomorphological features

The hilly zone where the slopes are situated is characterized by a sequence of marine

deposits (Middle Pliocene — Lower Pleistocene), mainly consisting of stratified clear-blue

clays with interbedded poorly cemented banked sandstones and conglomerates (Fig, 10a),
Owing to the repetitive character of the sequence and the selective erosional processes

that occurred in the Quaternary Age, the geological structure of the slopes is itself fairly
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Figure 10. A, Geologic map. 1) apennine ridge formations; 2) post-orogenic cycle deposits (Plio-
Pleistocene); 3) littoral deposits (Lower Pleistocene); 4) location of the considered landslides areas:
A-Montegranaro, B-Monturane, C-Montappone, D-Castignano; B. Schematic profile of stopes. 1) col-
luvial cover; 2) sands; 3} clay with sand seams; 4) blue clays.
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repetitive, consisting of small masses of sands or conglomerates overlying the blue clays,
with the interposition, in the contact zone, of transitional terms represented by more
laminated clays interbedded by sandy seams. Generally the outcrops of clays are weathered
and overlaid by a cover of colluvial scils up to 15 m thick (Fig. 10b).

Due to these common features and to the general, gently-inclined (only a few degrees)
monoclinal setting of the strata, the morphology of the slopes is characterized by a
composite profile with a topographic gradient of 15° or more in the uphill, of 13° in the
downhill zone, with 6° in the middle one.

The morphological features of the landslides studied are shown in Figure 11 together
with the slide contours, the principal movement direction and the attitude of the strata. All
the landslides bodies are characterized by very large, simple or lobate, head zones without
any evident scarp face or graben structures, but with several little steps which lead down to
the more gently inclined zone. The foot area is not very extensive and exhibits more or less
undulate forms. The directions of movement are in general parallel and normal to the dip of
strata; the sliding masses involved in retrogressive sliding processes exhibit mainly
sub-horizontal failure planes that show very large curvilinear surfaces in the uppermost
zone of the slopes. The length of the landslide bodies varies from 500 m to 800 m, whereas
the width varies from 400 m to 600 m. The depth of the slip surfaces varies from 15 mto 25
m.

MONTURANO LANDSLIDE 80DY

v

SLIDE DIRECTION

MONTAPPONE CASTIGNAND E :

Figure 11. Planimetric view of the considered landslide areas.
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In all cases the failure planes (mainly sub-horizontal} occur beneath the colluvial covers,
in the laminated transitional sequence, their position seeming to be controlled by the
depositional features of clays. These planes take place inside the laminated clays, close to
the sandy seams or to some peculiar structures of the sequence (more inclined or crossed
laminations). Underneath the base of the transitional sequence, no failure planes were
observed.

4.1.3 Geotechnical properties
Tests carried out on soil samples collected in the four different slopes led to very similar
results.

The average values of the geotechnical properties, relative to the colluvial soils, to the
weathered clays and to the unweathered clays, are shown in Table 1.

Table 1. Reference mean values of geotechnical properties.

Soil types Colluvial soils Weathered clays Unweathered clays
wkN/m?) 20.29 19.94 20.91
CF(%) 34 39 33
LL{%) 42 40 38
PL(%) 24 21 21
w(%) 22 24 18
Ky (m/s) 5% 107 10-8 $x 107
k, (m/s) 5x 1ot 10-10 .
o 0.19 0.06
¢ (MPa) 0.114 0.211 0.629
¢’ (MPa) 0.025 0.056 0.036
& 26° 25¢ 28°
Q”R 250 220
Soil types Hydraulic conductivity (m/s) Inclinometric displacement (cm)
108 107 106 0 5 10
0 ‘ I 0 RN R |
1 |
o | b
2 ~— 10 -1 I 10 -
£ o— 2
g 1°b §
g |
3 2 204 | 20-
_| =/ FALURE
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Figure 12. Distribution of the in situ hydraulic conductivities and the inclinometric displacements, vs.
depth. Stratigraphic sequence of soil types: 1}colluvial soils. 2) weathered clays. 3) laminated clays with
interbedded sandy seams. 4) more impervious basal clays.
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The soils tested consist of clay silts or sandy siits of low to medium plasticity, Basal clays
usually show an over consolidation ratio by far more than 1. The shear strength parameters
are very similar to one another and even in unweathered clays there is not a significant
difference between the peak and the residual values of the shear strength angles.

As discussed also in previous regional studies (Esu 1976) only ¢, values enable to make
a clear distinction between the soil types examined.

Also in situ permeability tests {Angeli & Tonnetti 1984) point out a significant distinc-
tion between the soil types examined (Fig. 12), indicating that the trend of the hydraulic
conductivities vs. depth is decreasing from the colluvial soils to the weathered clays and
increasing in correspondence of the unweathered clays. This last distinction and in
particular the increase of the hydraulic conductivities in correspondence of the unwea-
thered clays can be however connected with the formation of the slip surfaces inside these
clays. On the one hand in correspondence of the zone constituted of laminated grey-blue
clays and sandy seams (Fig.12) the higher hydraulic conductivity values (as compared with
the upper strata) are probably due to the presence of the sandy laminae or seams, on the
other hand we cannot neglect the swelling processes induced in overconsolidated clays by
the shear strains (Bjerrum 1967).

4.1.4 Slope hydrology and kinematical features

The periodic piezometric measurements provided a very similar hydraulic pattern for all
landslides. They showed a downward pore-pressure gradient in the holes drilled in the
upper portion of the slopes and an upward pore-pressure gradient in the holes drilled in the
lower portion of the slopes. Piezometric elevations even up to 3 m from the ground surface
were measured almost everywhere by means of Casagrande cells installed at the depth of
30 m.

Another feature common to all the slopes was found in the knee-shaped observed trend
of the equipotential lines in the middle part of themn. At first, the observed knee-shape of the
equipotential lines made us think that there was an equipment anomaly. But it scon became
obvious that the experimental knee-shape was attributable to the presence of more or less
impervious strata.

Due to these common hydraulic features from now on we will make reference to only
one slope, chosen from all the slopes investigated because it provided much more
significant hydrogeological data than the others and because it summarizes the features of
the slopes whose strata dip nearly coincidently with the topographic gradient.

Figure 13a shows this slope together with the hydraulic features just above described. It
is possible from the figure to distinguish three portions of the slope respectively character-
ized by an upward pore-pressure gradient (lower portion), by knee-shaped equipotential
lines (central portion) and by a downward pore-pressure gradient (upper portion).

The above hydraulic conditions seemed to remain unchanged all through the time of
observation (about 5 years long).

This is especially true for the pore pressures values in excess of hydrostatic observed in
the middle-lower portions of the slopes. Even though these values (relative to piezometers
No 8 and No 9 in Figure 13a) were not measured in the very early period of survey (except
for the conspicuous and continuous water outlet from the piezometric pipes!), successively
they were recorded for a period sufficiently Jong to recognize an almost permanent
groundwater flow (Fig. 14).

These successive measurements are referred respectively to the upper Casagrande cell
(installed at depth of 15 m) of the piezometric installation No § and to the lower cell
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a)

Ka = 0.000050 ¢m/sec

d) Kb = 0.000001 cm/sec
. Ka ¥z =0.000001 cm/scc

Al v—38 T Kx = 0.000030 cm/sec

E D
Figure 13. Examined groundwater flow patterns in Castignano slope: a) observed equipotential lines; b)
predicted equipotential lines by 2 homogeneous and isotropic slope model; ¢) predicted equipotential
lines by 2 homogeneous and anisotropic slope model; d) predicted equipotential lines by a 3-superposed-
media slope model. ) )

(installed at depth of 30 m) of the piezometric installation No 9. They showed that the
piezometric elevation hardly fell below the ground surface level and that the maximum
variations never exceed 2 m. Obviously the operators were able to take readings only once
or twice a month and therefore we cannot exclude the occurrence of very short-term
changes in piezometric elevation exceeding the above limits, Nevertheless the repetition of
the observations over a very long period of time supports the general idea of very limited
changes in piezometric elevations.

All the above hydraulic features were observed almost everywhere and, in particular the
high pore pressure field operating in the lower portion of the slopes (as previously stated in
the Introduction) can be attributable to large regional groundwater recharge or discharge
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Figure 14. Piezometric elevations in excess of hydrostatic observed in the middle-lower part of
Castignano slope by means of Casagrande cells.

areas as well as to the presence of geologic units strongly anisotropic as regards their
hydraulic conductivity characteristics.

Since the upper and the lower parts of these slopes cannot be considered areas of regional
groundwater recharge or discharge, the influence of the anisotropic permeability of soils in
creating almost permanent critical hydraulic conditions must be invoked.

In the context of this research the groundwater flow study was, therefore, directed to the
analysis of some possible flow nets in the slope considered, choosing the most consistent
with the observed equipotential lines. This analysis, presented in the next paragraph (4.1.5),
takes into account the results of the in situ permeability tests and considers the slope as an
anisotropic medium with respect to permeability characteristics.

As regards the'kinematics of the movements (measured by means of inclinometric tubes)
it is important to say that the displacements were generally small and that the maximum
displacement in the five years period of observation was not much larger than 20 cm (Fig.
15).

Apart from some periods of acceleration of the movement due to long-term rainfalls
(Tonnetti & Angeli 1984), successively it seemed particularly difficult to find out
significant correlations among the rainfall depth, the observed piezometric elevations and
the displacements: the movements seemed to keep on with a trend almost independent of
the rainfalls occurrence.

Moreover, the limited changes of the piezometric elevations collected all through the
period of observation did not fully justify some accelerations of the movements.

It was, therefore, quite evident that the almost constant values of the piezometric
elevations were just sufficient to maintain the landslide at'the limit of the equilibrium. Any
small perturbation of the pore pressures distributions along the slip surfaces would be able
to trigger the movements.
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Figure 15. Inclinometric displacements vs. time in Castignano landslide (measured at 3 different depth
locations in borehole No 6).

Following this latter reasoning, the phenomena of deep creep observed in some of the
slopes can also be easily explained. :

4.1.5 Groundwater flow analysis

To understand the phenomena at work, successive groundwater flow numerical models
have been developed (Angeli 1985) and applied to Castignano slope (Fig. 13a). These
models are based on finite difference solutions of the equations of the steady flow of an
incompressible fluid through homogeneous and anisotropic porous media, with rigid
skeleton.The equations adopted were obtained following the same reasoning presented in
the paragraph 3.4, In order to avoid unnecessary numerical complications and to ensure an
easy treatment of the topic, their expressions will not be presented in the context of this
paragraph, The attention being focused more on the conceptual content of the different
slope models presented.

A first model, carried out for steady flow in homogeneous and isotropic porous media
(Fig. 13b), does not give the hydraulic head patterns observed in the slopes (Fig.13a). It has
to be considered as the reference mode! commonly assumed in geotechnical literature but
seldom found in practice (Patton & Hendron 1974).

A second model for steady flow in homogeneous and anisotropic media (Fig.13c)
provides an upward pore pressures gradient in the lower portion of the slope and a
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downward pore pressures gradient in the upper part of the slope, similar to the observed
ones (Fig.16), but does not explain the knee-shape of the equipotential lines. This is due to
the fact that the anisotropic characteristics of permeability were introduced in terms of
equivalent vertical and horizontal permeabilities (Freeze & Cherry 1979). And in fact these
two last terms take macroscopically into account the effects of the superposition of different
layers having ditferent values of permeability, but they cannot explain localized pheno-
mena of flow.

The last model takes into account up to 3 superposed media at different permeability
(Fig.13d), indicated by the letters A, B and C in the idealised slope mode! of Figure 17a, A
and B media are homogeneous and isotropic, whereas C can be also treated as an
anisotropic medium,

The hydraulic conductivity values k,, k, and &k, (Fig. 13d) were obtained utilizing the
results of the in situ permeability tests carried out in all the four landslides. In Figure 12
these values are provided by the simplified permeability distribution indicated with the
dashed line.

Since &, {Fig. 13d) can be obtained only by laboratory tests and — as it is well known —
these tests give values of hydraulic conductivities considerably lower than in situ tests, the
value of the vertical hydraulic conductivity , was instead assumed equal to &, following
the criterion of taking into account a reasonable degree of anisotropy in C medium.

The boundary conditions assumed for all the three models are shown in Figure 17a.
Along the contour 1-2-3-4, h = z corresponds to the absence of fluctuation in groundwater
table (steady flow conditions and groundwater table coinciding with the ground surface); g,
=0 (along contour lines 1-6 and 4-5) and ¢, = 0 (dlong the base contour line 5-6) correspond
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Figure 17. ldealized diagrams for a slope with three soil layers having different coefficients of
permeability (fayers A and B are isotropic with respect to permeability and layer C is anisotropic)
showing: a) hydraulic boundary conditions; b) cut off of water outlet from high permeability layer due to
a first-time landslide; and ¢) cut off of water outlet from high permeability layer due to an accumulation
of cofluvial deposits.

to a zero value of flux. In other words, the external boundary of the region analysed is
assumed to be a flow line.

This third model carried out for steady flow in superposed media, besides explaining the
hydraulic head patterns observed in the slopes including the qualitative trend of the
knee-shaped equipotential lines, also gives numerical values of pore pressures consistent
with the ones measured by the piezometric equipments (Fig. 16). The consequent pore
pressures distribution along the slip surface appeared by far different from the hydrostatic
{as the observed data already showed), being lower in the upper portion of the slope and
higher in the lower portion.
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4.1.6 Stability analysis

In order to find out the different influence on the stability of the Castignano landslide of the
observed and/or predicted pore pressures distribution (by the above third model) in
comparison with the hydrostatic distribution, two back analyses were done utilizing the
landslide cross section of Figure 18. Different methods were utilized (Bell, Janbu, Morgen-
stern & Price).

It is important to notice that the landslide cross section utilized in the stability analysis
computations is slightly different from the landslide cross section assumed in the flow net
computations (Fig. 13d), which is completely coincident with the dip of strata. And in fact,
due to a diversion of the movements occurred in the lower part of the landslide in
connection with the presence of a stream, the direction of the movements does not there
coincide with the dip of strata as it does in the upper part of the landslide.

Under these conditions it becomes obvious to utilize in the stability analysis computa-
tions the landslide cross section of Figure 18 in which the landslide is formed of two
separate bodies and, operating the necessary adjustments, to consider effective along the
slip surface the pore pressures distribution which is effective along the cross section
assumed in the flow net computations.

The results of the computations (assuming y=20kN/m*, ¢ =0 and F = 1) provided for the
observed-predicted pore pressures distribution a value of ¢, (mobilized shear strength
angle) equal to 17° and for the hydrostatic distribution a value of 15.5° They confirmed that
the observed-predicted groundwater flow pattern is more severe for the stability than the
hydrostatic distribution.

Nevertheless, both values of §,, appeared not very different from each other, despite the
significantly different hydraulic conditions assumed. They also appeared quite different
from the lowest value of ¢, (equal to 22°) obtained from laboratory tests carried out on
samples of unweathered clays (Table 1).

4.1.7 Discussion :
The results provided by the analysis of the considered landslides allow us to draw the
following conclusions:

1. The peculiarity of some groundwater flow patterns in slopes (the knee-shaped
hydraulic head lines, the upward or downward pore pressures gradient, efc.) can be better

Casiignano landslide

Figure 18. Cross section of Castignano landslide.
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highlighted by hydrogeological investigations carried out on more than one similar slopes
belonging to the same geologic setting and undergoing similar climatic conditions;

2. All the slopes considered show an inhomogeneous vertical distribution of hydraulic
conductivities, connected with both genetic features of the soils (anisotropy of the geologic
formations) and the post-genetic features (weathering, colluvial covers occurrence and
swelling processes following the first failure), at the present time quite mdependent from
the stratigraphic position of the single layers;

3. The increase with depth of the hydraulic conductivities leads to the occurrence of an
almost steady state confined groundwater flow or, in other words, of a quite permanent high
pore pressures field in the lower portion of the slopes;

4, Due to the above permanent pore pressures field in excess of hydrostatic and quite
independent of short-term climatic changes, the landslides are kept always close to the limit
of the equilibrium;

5. The numerical models of the groundwater flow applied to one of the slopes proved
very effective in giving a diagnostic picture of the phenomena at work;

6. The results of the computations of a back stability analysis, done in one of the slopes
utilizing the observed-predicted pore pressures distribution {(by far in excess of hydrostatic)
in comparison with the hydrostatic distribution, showed that the former distribution is more
severe than the hydrostatic; in fact it led to a higher value of mobilized shear strength (17°)
in comparison to the other value (15.5°); but, contrary to all expectations, the two values of
o, were not very different from each other, the difference being about 10 %. This is due to
the fact that the landslide body considered is long in relation to depth and to the fact that the
high pore pressures are localized only in the lower part of the long slip surface. Therefore,
one could question the practical importance of the definition of the actual groundwater flow
pattern in the choice of the shear strength parameters to be adopted in the design of retaining
structures. First, it must be noticed that the difference of 10 % would lead to a significant
increase in the cost of the retaining structures which should be avoided as far as possible.
However the real answer must be found elsewhere and, in particular, in the choice of the
possible remedial works; and in fact, in these kinds of landslides very long (400-500 m) but
also deep (15-25 m), deep drainage control measures must be certainly preferred. There-
fore, only the exact knowledge of the pore pressures distribution inside the landslide bodies
could enable the design of the correct positioning of the drainages; hence, the great
importance of investigating the actual hydraulic conditions in these slopes.

4.2 Landslides in weathered rocks (fapan): A methodological approach in calculating
the most critical flow net

42.1 Preliminary remarks

The aim of this study was to investigate if hydrogeological factors similar to the ones
presented in the first case history (4.1) could influence landslide development in a different
geological environment. The opportunity for such work (Angeli et al. 1989) presented
itself when the author worked in Japan, during the last three months of 1988, at the
Landslide Division of the Public Works Research Institute of Tsukuba.

And in fact some large landslides in Japan (either in rocks or in loose materials) were
found to have in the lower parts very large measured pore pressures, exceeding the
hydrostatic pore pressures distribution. But data conceming the variation of permeability
with depth were lacking.

In some other landslides in weathered rocks (Fig. 19), data concerning variation of
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Figure 19. Location map of landslides examined (Niigata Prefecture).

permeability with Elepth were available, but in contrast to the other slopes mentioned, there
Were no pore pressures measurements for these landslides.

But, since data concerning the distribution of permeability with depth are the basis for a
groundwater flow numerical analysis, this latter group of landslides was chosen in order to
check the influence of hydrogeological factors on the development of instability condi-
tions.

This group is constituted of 24 landslides, belonging to the same geological setting and
climatic environment. The landslides are spread within a large region, which is the territory
of Niigata Prefecture (12,000 Km?).

Despite the seismicity of the region, all the landslides seem to be caused only by rainfall
and snow precipitations.

For its geographic position facing the Japan sea, Niigata Prefecture has got a climate
which is strongly affected by the Siberian cold air currents during the winter season. During
winter abundant snow precipitations occur with snow cover depths of several metres from
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Figure 20, Cross section of Nakatateyama landslide showing borehole locations and vemcal profile of
hydraulic conductivities at the location of BH2 and strata dipping.

December to April. In addition, the region is affected by rainfall precipitations from
November to Decernber and by long-term rainfall in July: the yearly average rainfall often
exceeding 2000 mm. It becomes obvious that the distribution of all these severe climate
conditions, all over the year, has an adverse effect on the stability of slopes and leads to the
development of landslides.

On the basis of observations done from 1941 to 1973 throughout the territory of Niigata
Prefecture the higher frequency of the landslide phenomena occurs in April, the landslides
seeming to be controlled by the snowmelting,

Since several boreholes were drilled in all the landslides it was possible to have a detailed
stratigraphy of the slopes together with the shape of the slip surfaces. These latier are
generally curvilinear and in some cases multiple.

As previously stated, a large number of vertical profiles of permeability vs. depth,
obtained by means of pumping tests carried out in the holes, was available,

The analysis of these profiles revealed that the magnitudes of the coefficient of permea-
bility were relatively high at certain depths consistent with the slip surface location.

Therefore, in order to study the influence of such variation in coefficient of permeability
on the pore water pressures it was decided to use a modified version of the groundwater
flow numerical model already applied in the first Italian case history (4.1.5). As a starting
point it was considered sufficient to study one of these landslides because they had so many
similar characteristics. The landslide selected was Nakatateyama landslide, a cross section
of which is shown in Figure 20.

4.2.2 Geomorphological features

In the territory of Niigata Prefecture the slopes are formed of both sedimentary rocks and
voleanic or pyroclastic ones, dating from Tertiary Age. In particular the landslide sites
belong to a period including both Late Miocene and Pliocene.

Almost everywhere the stratigraphic succession of the slopes is constituted of an
uppermost layer of colluvium (5-15 m in thickness), a weathered and/or fractured interme-
diate layer of rock (5-10 m in thickness) and sound bedrock below that layer (Fig. 21). The
intermediate layer of rock, formed of mudstone or andesitic lava or tuff breccia, is the result
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Figure 21. Simplified stratigraphic pattern of slopes.

of the weathering and fracture processes affecting the sound rocks below.

The attitude of strata is approximately dip-slope and their dip ranges between few
degrees to 20 degrees.

The sliding occurs generally on slip surfaces located within the middle layer; however
often failures occurs within the colluvium or at the interface between colluvium and
weathered rock.

In fact, inside the top layer of colluvium the presence of continuous lenses of weathered
clays facilitates the process of slip surface formation.

As mentioned above the shape of the slip surfaces is generally curvilinear and in some
cases multiple,

4.2.3 Hydrogeological and geotechnical characteristics of slopes

Due to the altemation of sedimentary and volcanic rocks combined with the weathering and
fracture processes which affect some parts of the slopes, the spatial distribution of the
hydrogeological characteristics of the slopes is strongly non-homogeneous.

In the slopes examined the hydraulic conductivity values may range from 1077 to 107
mys in the colluvial covers, from 1073 to 10~ m/s in strongly fractured rocks, whereas they
are always below 1077 m/s in the bedrock.

In multilayered slopes the ratio between the hydraulic conductivity values in two
contiguous layers could be as high as 1000.

Under these conditions and considering the presence of vertical fissures or cracks, the
possibility of short-term phenomena of confined subsurface flow in the higher permeability
layers increases. As a consequence the possibility of landslides influenced both by
short-term and long-term precipitations also increases.

Moreover, interbedded thin clay layers with low shear resistance create the conditions
for the formation of slip surfaces. Laboratory tests carried out on several clay samples to
obtain the residual shear strength, gave values distributed in quite a uniform way ranging
from 7° to 27°. According to Casagrande classification these clays are of middle to high
plasticity.
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4.2.4 Groundwater flow analysis

As mentioned above, in order to study the influence of the variation in depth of the
coefficient of permeability on the pore water pressures, only one slope was analysed by
means of a modified version of the groundwater flow numerical model already applied to
the first Italian case history (4.1).

Like the previous model, it takes into consideration up to 3 superposed media at different
permeability, indicated by the letters A, B and C in the idealised slope model of Figure 17a.
A and B media are homogeneous and isotropic, whereas C can be also treated as an
anisotropic medium.

In order to put in direct contact A and C media to represent certain field situations the
model has been modified. The modification has been introduced to simulate the cut off of
the central layer (B) due to a first-time Jandslide movement (Fig. 17b) or to an accumulation
of colluvial deposits at the foot of the slope (Fig. 17¢).

The boundary conditions assumed are the same of the first Italian case history (Fig.
17a).

The modified model is very flexible, allowing one to introduce many different distribu-
tions of hydraulic conductivity.

However, before going through the analysis of the groundwater flow pattern performed
in the selected slope it is useful to make some preliminary observations.

Firstly, in the Nakatateyama landslide pore pressure measurements had not been made
before the completion of the drainage control works. Therefore one would not be able to
make a direct comparison between observed values, not affected by control works, and the
calculated ones. Therefore, the following procedure of analysis was made: in the slope
more than one distribution (with depth) of hydraulic conductivity was assumed; then, the
corresponding values of pore pressure from analyses were used to generate flow-nets. The
one which was most critical for the stability of the slope was then selected.

Secondly, the vertical profiles of the hydraulic conductivity were not available along the
whole body of the landslide, but only in one borehole location (Fig. 20). Therefore, the
vertical profile of permeability measured in the middle of Nakatateyama slope was utilized
for the whole slope in accordance with the dip of strata. Similar procedure was adopted for
the distributions used for other analyses.

Third, the vertical profiles of permeability utilized in the computations, besides the one
coming from the pumping tests carried out in Nakatateyama slope, were realistically
assumed, taking into account the values found in the scientific papers, dealing with the
other landslides examined. In this sense, the different cases of permeability distributions
assumed in Nakatateyama slope can be considered as a range of equally possible cases. The
application of the numerical model to every single distribution, provided for a correspond-
ing range of possible flow-nets or, in other words, of possible pore pressures distributions
on the slip surface,

The analysis was started taking into account 10 different but reasonable vertical
distributions of hydraulic conduct1v1ty in the ]andshde body, including the measured one
which was based on pumping tests.

All the distributions (except A and AA in Frgure 22) simulated the presence of a higher
permeability layer located at depth consistent with the sliding surface. However, they
strongly differed in the value of the hydrauhc conductlvuy ratio and in the length assigned
to the layer of higher permeability. '

Different lengths were assigned — as prevmusly stated — to this higher permeability layer
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to simulate the cut off of the groundwater outlet, as a consequence of a landslide mass
dislocation orfand accumulation (Figs 17b, c).

The ten different flow nets coming from the numerical analysis are shown in Figure 22
and simply indicated by the letters A, AA, B, BB, C, CC, D, DD, E, EE. They provided for as
many pore pressures distributions along the slip surface.

In Figure 23 some of these distributions together with the hydrostatic one are shown.

The solid line represents this hydrostatic distribution which is the reference distribution,
whereas the dotted line represents B distribution.

Tt is significant that this latter distribution, coming from the flow net indicated with B,
was calculated taking into account the real values of permeability obtained by in situ
permeability tests.

Tt is in fact the most critical for the lower part of the slip surface. As in the first Italian case
history (4.1) it appeared by far different from the hydrostatic, being lower in the upper
portion of the slope and higher in the lower portion.

o 50m
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Figure 23. Pore pressures distribution on slip surface.
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Moreover, on the basis of this particular Case study one could explain the high pore
pressures field found in the lower part of many slopes in Japan to which reference has
already been made in the preliminary remarks (4.2.1).

4.2.5 Stability analysis

Due to the lack of measured pore pressures the stability analysis of the landslide was done
utilizing the calculated pore pressures distributions along the slip surface. Different
methods were utilized (Bell, Janbu, Morgenstern & Price). :

However, all the calculated distributions were not utilized. In fact, since the B distribu-
tion is the most critical for the lower part of the slip surface and since it was based on the in
situ measured hydraulic conductivities, a back analysis of stability was performed taking
into account this B distribution and the hydrostatic one as datum-distribution.

The stability analysis was essentially done with the aim of checking if the pore pressures
distribution indicated with B (calculated taking into account the real values of permeability
obtained by in situ permeability tests) in Figure 23, besides being the most critical for the
lower part of the slip surface, could also be the most critical for the stability of the whole
body of Nakatateyama landslide. This check was however attempted, despite the fact that
the hydrostatic pore pressures distribution is the highest along the most part of the slip
surface and thus appearing to be more detrimental to the stability of the whole landslide
body (Fig. 23).

But a problem regarding the modalities of analysis arose. The usual appreach of analysis
was found to have some limitations if a single landslide body is long in relation to depth
and, in particular, if high pore pressures are localized in a very limited lowef part of the long
slip surface. .

The problem is that the usual stability analyses take into account the whole landslide
body, considering it as an ideal coherent mass and without paying a particular attention to
the most critical parts inside it. As a result one could obtain only an average value of the
stability factor (F) along the whole sliding surface, without any information about the real
stability conditions of different parts of the landslide body.

The usual analytical approach must be modified to consider not only the whole body but
also its significant parts.

In other words, the method adopted must correspond to the mechanism of formation and
development of landslides, and not merely provide for a global safety factor. If such an
approach is adopted one may be able to explain the first occurrence of a landslide as well as
its reactivation or extension by retrogression.

Under these conditions a method proposed by Sauer (1983) was used which considers
different blocks of the landslide separately as well as together. Sauer applied this method
mainly for understanding the mechanism of formation of some retrogressive landslides
along a river in Canada and in order to compare back calculated strength parameters to
those obtained in laboratory tests. He considered the landslide as a chain (or group) of
blocks of which the lowest failed first. He started from the lower block of the chain and
added always a new block, proceeding from the toe to the upper part of the slope.

The present work takes into consideration the principle of this kind of analysis, but two
fundamental assumptions had to be made.

Firstly, the lower part of the landslide body, the one affected by a high pore pressure field
(Fig. 24}, was considered to be the Block 1 of the chain although it was nota separate block
in reality.

Secondly, it was assumed that, over the whole length of the slip surface, only one value of
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body was divided into only two blocks, successively the stability of the whole landslide
body was analysed (Block 1 + Block 2) and a new value of ¢,, was obtained,

As previously stated, the analysis was performed both for the B pore pressure distribu-
tion and for the hydrostatic datum-distribution (Fig. 25).

For the B distribution the calculated ¢,, value for Block 1 was about the same as that for
Blocks 1 and 2 together i.e. approximately 26 degrees.

For the reference distribution (the hydrostatic) the values of ¢,, for Block 1 and the whole
body (Blocks 1 and 2) were different to a significant extent.

Contrary to the first Italian case history (4.1), as mentioned above, for the landslide body
as a whole the hydrostatic distribution is more severe than the B distribution (i.e.: the
predicted one). Therefore, it is not surprising that the hydrostatic distribution leads to a high
value of mobilized friction angle for F = 1. However based on this high average angle, the
factor of safety of the lower block would have been 1.48 which is inconsistent with the
failure mechanism for this type of landslide. Therefore, it would seem reasonable to
conclude that the back-calculated values from B distribution are realistic. In these stability
studies the value of cohesion has been assumed to be zero for the sake of comparison only.
However, if data were available, similar compansons could be made for any value of the
cohesion c. :

4.2.6 Discussion
The study done on a sample of large landslides in Japan provided the following results:

1, The result of study using a numerical model of seepage shows that variation of
coefficient of permeability with depth leads to high pore water pressures at the toe of the
slope for the case history discussed here;

2. The above result is very significant considering the observed data on many landslides
in Japan which show that high values of pore pressures, in excess of hydrostatic ones, exist
in the lower parts of many slopes;

3. The study takes into account more than one possible variation in coefficient of
permeability with depth; the cases considered give widely different distributions of pore
water pressures along the slip surface; the lack of any measurement of pore pressures along
the slip surface prevented the author from establishing directly which could be the actual
pore pressures distribution among the calculated ones; even the hydrostatic pore pressures
distribution may be still the worst along some parts of the sliding surface, for the
Nakatateyama landslide. However, it is significant that values of pore pressures higher than
the hydrostatic ones are predicted near the toe of the slope on the basis of observed values of
permeability based on pumping tests;

4. The resuits of the back stability analysis seem to indicate that the predicted pore
pressures, in contrast to the hydrostatic ones, are critical for the stability of the slope
considering the mechanism of landslide development by retrogression; the closeness of ¢,,
value from analysrs of Block 1 to that from analysis of Blocks 1 and 2 together may be just
fortuitous since it is quite reasonable to expect variability of shearing resistance within
different sections of the landslide body or of the slip surface; to obtain more consistent
results from the stability analysis it would be necessary to have the actual shear strength
values along the slip surface. Nevertheless, the predicted values of pore pressure suggest
that a process of progressive failure may take place starting from the foot of the slope; this
process would, of course, be facilitated if the angle of internal friction along the lower part
of the slip surface is small in comparison to other parts of the slip surface;

5. The main thrust of this research has been to establish that variation of permeability
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with depth gives pore pressures along the slip surface which are significantly different from
hydrostatic values; while the hydrostatic values are relatively small for the lower parts of
the slip surfaces, they are relatively large for the upper parts; in the example studied here
back-analysis for the slide body as a whole and a hydrostatic pore pressures leads to an
overestimate of the shear strength (18 %) which is undesirable and should be avoided; this
would be expected in other similar cases;

6. In order to make such studies more effective further research is needed which includes
measured shear strength parameters and measured pore pressure.

4.3 Landslides in multilayered slopes formed of lacustrine clays and sands (Italy):
Geotechnical surveys, analysis of piezometric data automatically recorded during a

critical event of rainfall

4.3.1 Preliminary remarks
Hydrogeological and geotechnical investigations (Angeli 1987, Angeli et al. 1988) have
been carried out since 1983 on the opposite slopes of a hilly relief (Fig. 26) formed of
alternate beds of overconsolidated lacustrine clays and sands.

The relief, affected by widespread landslide phenomena, is located in Central Italy at
almost 40 km to the south of Perugia (Fig. 27). The climatic conditions of this region are

|500 m —1000 m—]
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%
-S‘/O
Dg

7 X

Figure 26. Simplified scheme of the geomorphological features of Iici hill.
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Perugia @

Figure 27, Location map of the investigated site,

quite temperate: as a consequence the precipitations are mainly characterized by rainfall
with an average yearly amount of about 800 mm and an intensity of up to 200 mm a day.

Strata are gently-inclined according to a monoclinal setting (Fig. 26), lying at one slope
parallel to the ground surface (dip slope) and dipping a few degrees into the other slope
(reverse-dip slope).

Due to the regular and elongated shape of the relief it becomes possible to represent its
groundwater flow pattern simply taking into account a bi-dimensional cross$ section drawn
according to the direction of the maximum dipping of strata,

Therefore, more than 20 boreholes have been drilled along a cross section of the hill
since 1983, providing a detailed stratigraphy of the slopes. The boreholes were equipped
since 1983 with ordinary type instrumentation (like open standpipe piezometers, Casagran-
de type celis and inclinometric tubes) as well as since 1984 with automatic instrumentation
(like electric piezometers, deep-seated steel wire extensometers and a rain gauge).

Several landslide bodies are present in the two opposite slopes, the slip surfaces
coinciding with the bedding planes. o

All these phenomena have been surveyed even if a special attention was given to the
study of a single landslide body located in the middle part of the reverse-dip slope, that is
the slope into which strata dip. The choice of this case was made in order to survey a
relatively small landslide (about 50 m long and 8 m thick}, moving at a very low speed (not
more than 4-5 cm per year). The choice of a high speed landslide would have implied, in
fact, the cut off of many equipped boreholes in a very early stage of the investigations.

This last body was intensively instrumented (with ordinary and automatic instrumenta-
tion) with the aim of carefully investigating the hydraulic conditions of an inhomogeneous
slope and of evaluating its attitude to instability even in relation to short-term piezometric
variations.

So far a number of hydrological critical events have been recorded, one of which has
provided many significant data regarding the short-term phenomena occurring in the
slope.

The discussion of this critical event constitutes the main point of this case history.

4.3.2 Geomorphological features
The hilly zone where the slopes are situated is characterized by a sequence of lacustrine
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deposits (Early Quaternary Age), mainly consisting of alternating beds of sands, clays and
sandy-clays.

Several landslide bodies are present in the two opposite slopes of the hill, their size
seerming to be controlled by the thickness and spacing of the single clay or sand beds.

From the morphological point of view it seems also possible that larger size landshide
bodies, involving more than a single clay or sand bed, may develop in those parts of the
slopes which are in a late stage of their evolution.

Natural seepage from the upper sands provides the water supply to the different perched
water tables arising in the underlying sand beds, and this hydrogeological situation induces
several shallow slides in the slope with slip surfaces coinciding with the bedding planes.

As previously mentioned, in the context of the general study of the whole hill, a special
attention was given to the study of the landslide phenomena developing in the middle part
of the reverse-dip slope.

The average inclination of this reverse-dip slope (Fig. 26) is of about 10°.

A typical geological cross section representing the middle part of it together with the
location of the boreholes there drilled is shown in Figure 28. Colluvial deposits a few
metres thick cover the slope. Beneath there are alternating beds of laminated clays and
sands. The sand beds are subordinated to the clay beds and their thickness ranges from 0.5’
to 5 m. Thin seams of lignite up to 0.5 m are also present in the clay beds. Figure 28 also
shows the most studied landslide (the slip surface of which is indicated by a solid line)
together with other potential landslide bodies (delimited by dash-dotted lines).

4.3.3 Geotechnical properties

Laboratory tests were carried out on soil samples collected from the boreholes.
Classification tests were extensively carried out, whereas a limited number of soil strength
tests were executed on selected soil samples.

The soils tested consist of clay silts or sandy silts of low to medium plasticity. Laminated
clays usually show an over consolidation ratio by far more than 1.

Results from classification and unconfined compression tests, carried out on soil samples
collected from the borehole No 2, are shown in Figure 29. As mentioned in the first case
history ¢;, values enable to make a clear distinction between colluvial covers and the
underneath soils.

Residual shear strength tests carried out on clay samples collected very close to the slip
surface and showing higher plasticity gave values of ¢’ of about 12°.

In situ permeability tests (variable head tests) carried out in differently conditioned
boreholes (open standpipes piezometers, Casagrande type piezometers etc.) gave values of
hydraulic conductivity ranging from 3 x 1077 and 1077 m/s for the soils constituting the
landslide body. In particular the test executed in the piezometer No 24 (Fig. 28), the very
short intake of which intersects the slip surface of the most studied landslide, gave a value
of k equal to 3.01 x 1077 m/s. Obviously in some cells inserted in unsaturated layers of sand
it was not possible to carry out any test.

4.3.4 Landslide instrumentation
As mentioned in the preliminary remarks of this case history a whole cross section of the
hill was equipped both with ordinary and automatic instrumentation.

The most instrumented landslide is represented in Figures 28 and 30.

At the present time the boreholes drilled in the landslide body are equipped with 2
Casagrande piezometers with 4 cells (one of which supported by an electric pressure
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transducer), 2 openstandpipe piezometers (both supported by 2 electric pressure trans-
ducers), 2 deep-seated steel wire extensometers and 4 inclinometric tubes; the installation
of some fixed inclinometric probes is being planned. The other boreholes located uphill and
downhill provide for the landslide boundary conditions.

The primary configuration of the automatic recording system utilized in this landslide is
represented in Figure 31, In this basic configuration the system allowed us to measure
rainfall depths, the groundwater levels and displacements. A successive system
configuration (Fig. 32) allowed us to extend the piezometric net to other boreholes and
measure in colder climatic environments also snow depths and temperatures (see paragraph
4.4).

The rainfall intensity is measured by means of a tipping bucket rain-gange (with the
accuracy of 0.1 mm) which also gives the equivalent in water of the snow.

The piezometric levels are detected by means of electric piezometers working on the
principle of variation of electric resistance induced by water pressure. The piezometers
allow us to have a measure of the hydraulic head accurate to about 10 cm, which is lower
than the maximum variation of the atmospheric pressure.

The snow depth is measured by means of an ulirasonic snow gauge which works on the
principle of the echo signals.

As regards measuring the displacements a mechanical device was designed consisting of

automatic
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Figure 31. Primary configuration of the automatic recording system utilized in the landslide (1984).
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Figure 32. Successive extended configuration of the automatic recording system (1986) 1) recordmg
station; 2) battery; 3) solar cells; 4) rain gauge; 5) pulley for the measure of displacement; 6} steel thin
wire; 7) electric piezometer; 8) ultrasonjc snow gauge; 9) air thermometer; 10} remote electric
piezometer; 11} aerial electric line; 12) underground electric line; 13) slip surface; 14) perforated plastic
tubes, geo-textile sheating and sand filter.

a thin steel wire fastened at the bottom of the piezometric (or inclinometric) tubes -well
below the slip surface- and held taut by a pulley with a counterbalance at the ground
surface. The displacement of the landslide body moves the steel wire and therefore rotates
the pulley. An electric potentiometer provides a signal proportional to the rotation of the
pulley. The device allows us to record the displacements with the accuracy of 1 mm. A
strong limitation in the reliability of the displacement measures is given by the pulley
apparatus in itself: it cannot detect separately the vertical component of movement and the
horizonta! one. It records only a global datum, comprehensive of the two components of
movements. Hence the importance of knowing in advance, before the installation of this
device, if along a landslide body the component of movement is definitely vertical or
horizontal. Moreover, the way in which the equipped borehole is conditioned strongly
affects the final accuracy of the measures.

The automatic recording station besides providing the transfer of all data coming from
the above sensors to a solid-state memory (containing up to 32,000 data), allows the
checking of the contents of the solid-state memory and of its working conditions. Itis
possible to modify the time interval between two successive measures.

Solar cells provide for the supply of electricity.

4.3.5 Groundwater flow analysis
A summary of some ordinary and automatic hydrological and kinematical data recorded for
seven years in the slope examined are shown in Figure 33.

—
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The correlation among rainfall depth, piezometric elevation and inclinometric displace-
ments appears quite evident. Unlike what was observed in the first case history {4.1),
piezometric changes appear to be quite remarkable over the period of observation,
sometimes even exceeding 10 m.

In Figure 33 the upper piezometric graphs are referred to two Casagrande type piezo-
meters whereas the lower piezometric graphs are referred to two electric pressure trans-
ducers installed inside openstandpipes piezometers. The Casagrande cell No 4u (u for
upper) is installed in the borehole No 4, located in the highest part of the hill, in
correspondence of its ridge (Fig. 26). All the other boreholes to which reference is made in
Figure 33 are located in the middle part of the reverse-dip slope, inside the most studied
landslide body (Fig. 30).

The cell No 2u is installed in the borehole No 2, indicated with P2 in Figures 28 and 30.
The 2 electric pressure transducers are installed inside the boreholes P7 and P8 (openstand-
pipes piezometers). The inclinometric tubes I3, I10, I15 and 122 are located nearby.

Obviously the readings done in the boreholes P7 and P8 would have been affected by the
Targe intakes of the pipes (Fig. 30) and by the time-lag induced by the piezometric apparatus
(i.e.: mostly the large diameter of the piezometric pipes).

The choice of installing the 2 electric pressure transducers inside open standpipe
piezometers was however made, because they could be recoverable (in that first stage of
calibration of the piezometric responses) and because of the necessity of having at least
automatic readings taken at very short intervals of time (at that time every 6 hours).

Moreover, as regards the first problem, it was thought that due to the moderate
inclination of the slope (Fig. 30) the same groundwater conditions described in Figure 9
could occur and thus the usage of open standpipes (instead of Casagrande type piezo-
meters) could be equally correct. Whereas, as regards the problem of the time-lag, it was
thought of applying the corrections proposed by Hvorslev (1951).

The different way of conditioning the boreholes No 7 and No 8 (Fig. 30), that is
perforating the pipe No 7 all over its length (except the first 2 upper metres) and sealing with
bentonite the first 5 upper metres of the pipe No 8, was due to the necessity of checking the
different responses to intense rainfall of the upper colluvial covers in comparison with the
soils below.

The opportunity for such check presented itself when the most critical hydrological event
ever recorded since 1983 occurred on 31st January 1986 and 1st Febmary 1986. During
those days it rained for a depth up to 100 mm, with hourly intensity up to 5-10 mm during
the first 12 hours.

Making a zoom in Figure 33 and selecting a period of time containing the above critical
event (28th January 1986 — 20th March 1986) it is possible to make a number of remarks
(Fig. 34).

Firstly, taking into account only the piezometric elevations measured by means of the
two electric pressure transducers installed inside the already mentioned openstandpipes
BH7 and BH8 (Fig. 30) the main difference in the response of the two piezometric
installations is quite evident.

Piezometer BH7 (almost completely fenestrated in Figure 30), which takes water either
from the colluvial soil or from the soils beneath, shows a remarkable peak value following
the rainfall peak value. Successively the measured piezometric elevation decreases and
afterwards increases again, reaching a constant value higher than the peak value,

Piezometer BHS (sealed with bentonite for the first 5 upper metres and therefore not
affected by the water flow occurring through the colluvial covers in Figure 30) seems to be
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Figure 34. Instability conditions induced by the critical hydrological event occurred on 31st January and
15t February 1986.

not affected at all by the short-term rainfall peak value. Only successively the measured
piezometric elevation increases linearly, reaching a constant value as well.

The above results confirm the presence of two different flow patterns in (a) the much
more permeable colluvial covers and (b) the soils beneath. In Figure 30 is also indicated
with little arrows the possible path of the water flow, coming frem the colluvial soils and
going through the landslide slip surface.

Secondly, the movements recorded by means of the deep-seated steel wire apparatus
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appear to start quite immediately in correspondence of the starting point of the piezometric
peak curve measured in borehole No 7: at first they rapidly increase and then gradually
come at a complete rest, when the piezometric elevations reach a constant value however
higher than the above peak value.

This is in contrast with the mechanism of landslide development, which makes reference
to piezometric peak values occurring certainly before the starting of the movements. This is
also in contrast with the occurrence of the complete stop of the movement in correspon-
dence of piezometric elevations higher than those which have triggered the first move-
ment.

Under these conditions we must invoke the occurrence of a certain degree of time-lag,
besides a truncation of the peak value. In fact, if we take into consideration an open
standpipe undergoing two different conditions of piezometric change (a rapid one and a
slow one), the time-lag and the truncation relative to the peak value become the more
important the more rapid is the piezometric change (Fig. 35). As a result, if such an open
standpipe experiences very rapid external piezometric changes, it will record a datum
delayed in time and significantly lower than the actual one.

Therefore, in order to determine the time-lag of the above piezometric apparatus and to
make the necessary corrections to the measured piezometric curve, the formula proposed
by Hvorslev (1951) was utilized (Fig. 36).
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Figure 35. Typical response of an openstandpipe to more or less rapid changes of the external
piezometric level,
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The value of k was provided by the in situ permeability tests (10~ m/s), whereas the
shape factor F (basically depending on the size and the shape of the intake) was determined
on the basis of the experimental expressions proposed by Hvorslev (0.090). Utilizing the
piezometric elevation values recorded immediately before and after the critical hydrolo-
gical event occurred on 31st January and st February 1986 and each time assuming as
value for ¢ the reading interval of the automatic station (set every 6 hours at that time}, new
piezometric elevation values (Fig. 34) were calculated (each new value taking into account
the previous calculated one). These new piezometric elevation values were consistent with
the expected mechanism of landslide. And in fact, the calculated peak value which
triggered the movements was found to be considerably anticipated with respect to the
measured one and with respect to the starting of movements. Moreover, this peak was also
found to represent the highest point reached by the calculated piezometric elevation curve,
in this way giving a reason of the successive complete stop of the movements.

The final result was the determination of the piezometric elevation threshold value
which, once attained, makes the landslide move.

4.3.6 Stability analysis

A back stability analysis was performed on the examined landslide body (Fig. 30), taking
into account as hydraulic conditions the ones obtained from the above groundwater
analysis and integrating them with the piezometric values measured in the other boreholes.
Different methods were utilized (Bell, Janbu, Morgenstern & Price).

The results of the computations (assuming ¥ = 20 KN/m?, ¢ =0 and F = 1) provided a
value of 9, (mobilized shear strength angle) equal to 13°, not very different from the value
of ¢, = 12° obtained in laboratory.

This good result can be considered as a reliability test of the procedure adopted in
obtaining a calculated piezometric elevation curve (Fig. 34) very close to the actual one.

4.3.7 Discussion
The study of this considerably inhomogeneous slope allowed us to get the following
results:

1. The piezometric changes observed over a period of 7 years appeared quite remarkable
especially if compared with those presented in the first case history (4.1); this is probably
due to the thick sandy cap which covers the top of the hill and which behaves as a natural
high permeability reservoir; the reservoir water release supplies the groundwater flow
through the opposite slopes of the hiil; this release, if combined with the direct rainfall
infiltration through the high permeability collavial deposits which cover the slopes, leads to
the above remarkable piezometric changes. In order to check the above mechanism, further
research ts needed which includes the automatically recording of piezometric data through-
out the hill and the extensively carrying out of in situ permeability tests. At this stage, in situ
permeability tests mostly carried out on a single landslide body, in the soils underneath the
colluvial covers, show values of hydraulic conductivity quite homogeneous and ranging
between 5 x 1077 and 1077 m/s. As mentioned above, higher values are expected for the
colluvial covers; lower values of k can be assumed as regards the clay bedding planes which
divide the more surficial saturated portion of the slope from the underneath unsaturated one
and on which the slip surface takes place;

2. Only the usage of automatic recording systems has enabled to evaluate the attitude to
instability of the slope examined even in relation to short-term piezometric variations; in
detail the automatic readings allowed to detect two different transitory groundwater flow
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patterns, affecting the colluvial covers and the underneath soils; moreover, the automatic
measurement of the piezometric elevations carried out in open standpipes during a critical
hydrological event has allowed us (with the application of time-lag corrections) to obtain
the piezometric threshold value which makes the landslide move;

3. Finally, the good agreement of the mobilized shear strength angle obtained by means
of a back stability analysis (performed taking into account the above piezometric threshold
value) with the residual shear strength angle obtained by laboratory tests, constituted the
best reliability test of the procedure adopted in calculating the above threshold piezometric
value.

4.4 Alandslide in morainic materials (Italy): Geotechnical surveys, analysis of
-+ piezometric data automatically recorded before the complete failure

4.4.1 Preliminary remarks
Hydrogeological and geotechnical investigations (Angeli 1987, Angeli et al. 1984, Angeli
& Silvano 1987, Angeli et al. 1987, Angeli et al. 1988, Angeli et al. 1989, Angeli et al.
1990) have been carried out since 1982 on a landslide located in Northern Italy, in the
- Dolomites Mountains, near Giau Pass, about 30 kilometres far away from Cortina d’Am-
pezzo (Fig. 37).
The landslide (indicated at an exaggerated scale in Figure 37) affects a steep slope
formed of morainic deposits overlying a bedrock of marls (Werfen Formation) and limited
by the Codalonga and Zonia streams (Fig. 38). The bedrock layers dip into the slope
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Figure 37. Location map of the site.
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Figure 38. Topographic map of the landslide area: 1) cross section; 2) landslide body.

according to the direction of the cross section C-C” which is also the direction of the
landslide movement, The climatic conditions are the ones typical of a high mountain
climate, characterized by two distinct seasons with the temperature respectively keeping
under 0°C or over 0°C. Two maximum values of rainfall depth can be observed in late
spring or in early autumn, The maximum yearly value of rainfall depth can reach 1,200
mm, whereas the maximum yearly value of total precipitation depth can overcome 1,600
mm. The maximum snow precipitations mainly occur in January and February and the
daily mean value of temperature keeps under 0°C from December to March.

At the first investigation on the spot, made in the early 1981, the landslide presented itself
as a case of ‘compound slide’ (Skempton & Hutchinson 1969), characterized by a large
graben area in the upper part of the slope and by a translative movement of the main mass
{morainic deposits) on an almost sub-horizontal slip surface possibly coinciding with the
bedrock (Werfen marls).

From information provided at that time by the inhabitants of the villages surrounding the
area, it seemed that the landslide was triggered by the erosive action of the Codalonga
streamn during the ruinous flood occurred on 4th November 1966 (which interested all the
Italian country). Moreover, it had undergone several reactivations even after the construc-
tion of several concrete check-dams along the bed of the Codalonga stream.

In order to explain the phenomena of reactivation of a such characterized (from the
classification point of view) landslide, it was decided to install a convenient surveying
instrumentation.

In the late 1982 the first boreholes were drilled and equipped with Casagrande type
piezometers and inclinometric tubes. At the same time a rain-gauge was also installed and
topographic surveys of the movements were started.
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The data collected over the first years of observations pointed out that the movements
mainly occurred after the spring snowmelting, more than after heavy rainfall.

As the movements were not continuous in time, but rather abrupt, in the autumn of 1986
an automatic recording system was installed. It gave the possibility of recording the data at
very short intervals of time and therefore of observing in detail the evolution of the
landslide till its complete collapse, occurred between the 22nd and 24th of April 1988.

The comparison between two hydrological critical events automatically recorded (in-
cluding the collapse event) constitutes the main point of this case history.

442 Geomorphological features
From the geological point of view the outcropping layers in the area surrounding the
landslide belong to the Werfen Formation. This Formation is constituted by well character-
ized horizons, clearly delimited by abrupt lithological variations. Reddish marly limestone
beds are alternated to beds of marls and sandstones finely stratified. As above mentioned,
these beds dip into the slope (with an average inclination of 30°) according to the direction
of the cross section C-C” (Fig. 38), which is also the direction of the landslide movement.

In particular, the Werfen Formation outcrops along the Zonia stream and partly along the
Codalonga stream (Fig. 38), the banks of which are covered by abundant alluvial deposits.

The morainic deposits which form the landslide body are constituted by a fine silty-sandy
matrix, including gravel, pebbles and blocks of dolomitic limestone coming from the uphill
Dolomite Formations {(which constitute the top of the hydrographic basin). Sand and clay
lenses are also present.

For a complete understanding of the landslide phenomenon, besides the geological
characterization of the area, it was necessary to study the geomorphological processes
which lead to the formation of the morainic slope,
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Figure 41. Evolution scheme of the slope (refer to cross section C-C” in Figure 38): A) initial conditions;
B) erosion at the toe and development of uphill tension cracks; C) further development of the cracks;
D} contemporary formation of a continuous slip surface and of the graben structure; E) morphological
features after the collapse event.

The Zonia and Codalonga basins were occupied by two glaciers during the Glacial
Pleistocene Age. The Zonia glacier probably gave the main contribution to the formation of
a morainic bar at the confluence of the two streams. Due to the formation of this natural dam
the Zonia stream was diverted from its original direction and excavated a new bed
(epigenetic bed) inside the Werfen marls. A large extent of the old bed of the Zonia stream
has then constituted the slip surface (Figs 38, 39, 40). The morainic bar caused also a raising
of the bed-level of the Codalonga stream, with no diversion of the original direction. As a
final result of the above deposition and erosion processes, a sort of ridge formed of morainic
deposits remained at the confluence of the two streams (Figs 38, 39).

The developing features of the landslide are summarized in Figure 41. It shows the cross
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section C-C” as indicated in Figure 38. The erosive action of the Codalonga stream with the
consequent deepening of the stream bed {occurred in 1966) induced the formation of uphill
tension cracks. Due to the water filling, successively the cracks developed into a continuous
slip surface with the contemporary formation of a graben structure, The graben mass
became a sort of natural water reservoir, the level of which affected the successive landslide
reactivations. Finaily, the landslide developed into a complete collapse on 24th April
1988.

In the late 1981 the main scarp was already formed to a great extent: 6 metres in height
and 250-300 m in width, Further enlargements of the main scarp occurred during the
successive years, till the complete slope failure. At that time the main scarp reached the
height of 20 m and the landslide body underwent a translative dlsplacement of about the
same intensity.

The landslide body was strongly asymmetrical and therefore any two-dimensional cross
section does not give an exhaustive representation of its geometry (Fig. 39). The maximum
thickness of the landslide body was of about 50 m, whereas its maximum length was of
about 150-200 m. The slip surface was identified to be at the contact between the morainic
deposits and the Werfen marls bedrock, at least as it regards its rectilinear extent. Its
curvilinear extent is completely contained inside the morainic deposits (Figs 39, 41).

4.4.3 Geotechnical properties

Laboratory tests were carried out on the finer matrix of soil samples collected either from
the boreholes or directly along some parts of the slip surface (brought to light by the
collapse event).

Table 2, Geotechnical prbpenies.

Samples origin * Depth(m) LL (%) PI (%) 4 % passing (Dyqp)
BHI 1.0 40.0 8.0 4.0
BHI 1.3 32.0 7.8 4.0
BHI 5.0 7.0
BHI 6.7 5.0
BHI 8.7 4.0
BHI 11.7 5.0
BHI - 16.5 22.0 3.7

BHI 17.1 27.0 7.0

BH1 17.3 6.5
BH1 222 35.0 15.3 19.0
BH1 22.8 34.5 15.3 16.0
BH1 237 36.3 17.2 16.0
BH2 8.0 25.5 49

BH2 9.5 24.3 4.3

BH2 10,1 240 8.0

BH2 10.6 243 43

BH2 17.1 27.0 7.0

BH3 28.3 11.8 as

BH4 15.0 215 6.6 39

Slip surface 1 42,5 224 15 225
Slip surface 2 32,0 15.4

Slip surface 3 329 16.4 17 18.0
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The matrix relative o most part of the soil samples collected from the boreholes (mainly
constituted by coarse-grained morainic materials) was classified as a clay of low plasticity
{PI1=3.7-11.8 %). The matrix relative to soil samptles collected between —22 m and 24 m
from the borehole No 1 {inside a lense of fine-grained morainic materials) and the matrix
relative to samples taken from the slip surface were classified as clays of intermediate
plasticity (PI=15.3-17.4 %).

The distinction revealed by the results of the classification tests (carried out on the two
types of soil matrix) were maintained also by the results of the residual shear strength tests.
They showed, in fact, two values of §;” equal to 35° and 39° in a case and two values equal
to 15° and 17° in the other case {Table 2).

In order to have an additional characterization of the morainic deposits which formed the
landslide body, in situ permeability tests were extensively performed. The results of the
tests gave values of k of about 10~ my/s, as regards the permanently saturated portion of the
slope. Tt was quite impossible to saturate the more surficial portion of the slope (above the
GWT) and then to obtain & values for this upper portion.

4.4.4 Landslide instrumentation
The whole slope was progressively equipped with ordinary and automatic instrumenta-
tion.

In the last stage of the landslide survey the boreholes resulted to be equipped with three
Casagrande piezometric cells, two electric pressure transducers, two deep-seated steel wire
extensometers and four inclinometric tubes.

The configuration of the automatic recording system utilized in this landslide is the same
one described in detail in the third case history (Fig. 32). It allowed. us to measure rainfall
depths, snow depths, air temperatures, piezometric levels and displacements,

Some problems arose either in connection with the automatic piezometric readings
recorded during the hydrological critical situations which occurred or as regards the
automatic measurement of the displacements obtained by means of the pulley device
shown in Figure 31.

The automatic piezometric readings were taken, in the same way as for the third case
history (4.3), by means of electric pressure transducers not directly put in the soil but in this
case installed inside the inclinometric tubes No 3 and No 4. That is either because they
could be recoverable or because of the necessity of having at least automatic readings taken
at very short intervals of time (at that time 2 hours). Due to the large diameter of the
inclinometric tubes (working in this case as open standpipe piezometers and for this reason
originally conditioned with a backfill mixture poer in cement and bentonite) a significant
time-lag affected the readings. Therefore, the necessary corrections to the measured
piezometric curves must be done again, utilizing the formula proposed by Hvorslev (Fig.
36).

The automatic measurement of the displacements were probably affected in this case by
the low effectiveness of the anchorage of the steel wire at the bottom of the boreholes (Fig.
31). During the movement of the landslide the wire was pulled off from the stable zone
underneath the slip surface, together with the tube at the bottom of which it was fastened.
This could be more than ever true in this case, due to the fact that the morainic deposits are
almost stiff and that the landslide movements were almost abrupt. As these soils do not
show the swelling characteristics of the plastic soils, they do not provide frictional forces
along the borehole tubes {despite of the presence of the backfill) sufficient to avoid
completely the pull off of them from the stable zone, during the abrupt movements of the
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landslide mass. And in fact topographic measurements taken at the top of the boreholes
gave values of displacement several times higher than the values obtained by means of the
pulley device. Nevertheless, the most important result was obtained; that is the recording of
the displacement temporal trend during all the critical events which occurred.

4.4.5 Groundwater flow analysis
A summary of some ordinary hydrological and kinematical data recorded for 7 years in the
slope examined are shown in Figure 42, .

The correlation among precipitations depth, plezometnc elevatmn and inclinometric

" displacements appears quite evident. The histogram represents the fortnightly precipitation

depths. The periods in which the ground surface is frozen are shown by the black areas
underneath the precipitation graph. The end of these periods is quite coincident with the
spring snowmelting and seems to precede by a few weeks the piezometric peak values and
then the starting of the movements. The piezometric changes appear to be quite remarkable
over the period of observation, reaching even 5 m.

In Figure 42 the upper piezometric graph can be referred either to the inclinometric tube
No 1 or to the Casagrande type piezometer No 1bis, both installed in the graben area. Since
the graben mass behaved as a water reservoir (Fig. 41), the two different piezometric
equipments recorded aimost the same hydrostatic level change. Apart from the different
intensity of the piezometric changes, the same piezometric trend was also recorded in the
inclinometric tube No 4 (to which the lower piezometric graph of Figure 42 is referred).
This last tube was installed in the main landslide body, nearby the graben area. The periodic
raising of the water level in the above natural reservoir appeared then to affect the landslide
remobilizations (Fig. 42).

The automatic instrumentation installed in the landslide body in the late 1986 allowed
the detailed recording of two critical events for the stability (Fig. 43).

In the first case (April 1987) displacements of a few centimetres were recorded, whereas
in the second case (April 1988) the complete collapse of the landslide mass occurred with
displacements up to 20 m. The recording of the only hydraulic and kinematic features of
this fast event (over a period of about 100 hours) is shown in Figure 44. In Figures 43 and 44
the piezometric curve refers to an electric pressure transducer installed in the inclinometric
tube No 4, whereas the displacement curve to a steel wire device installed along the
inclinometric tube No 3.

Some remarks must be made about the above recordings (Figs 43, 44).

Firstly, the displacements recorded by means of the pulley device were in both cases
much lower than the ones obtained by the topographic surveys (Fig. 43). In April 1987 the
pulley device gave a displacement of 5-6 mm against 5-6 cm obtained by the topographic
measurements and in April 1988 a displacement of 125 mm against 20 m.

As mentioned in the previous paragraph (4.4.4), the automatic measurement of the
displacements were probably affected in this case by the low effectiveness of the anchorage
of the stee] wire at the bottom of the boreholes. In addition, the steel wire was probably cut
off during the collapse event before allowing the pulley device to complete the recording of
the total displacement occurred.

Secondly, the measured piezometric change relative to ‘April 1987 was of about 1.5 m
and it was followed by displacements of a few centimetres. Instead, the measured
piezometric change relative to April 1988 was of only 0.5 m, but it was followed by
displacements of about 20 metres. In addition, in both cases, the maximum piezometric
level was reached with a certain time-lag with respect to the starting of the movements (Fig.
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Figure 43. Comparison from data coming from two hydrological critical events (1987-1988).

43). In particular, in Figure 44, which can be considered a zoom of the collapse event, the
starting of the movements occurred in correspondence of the flex point of the piezometric
curve, rather than in correspondence of its maximum value.

This is no doubt due to the time-lag relative to the piezometric apparatus (a large
diameter inclinometric tube).

Therefore, as previously mentioned, the actual groundwater level was estimated again
utilizing the formuia proposed by Hvorslev (Fig. 36). The value of k was provided by in situ
permeability tests (10~ m/s), whereas the shape factor F' (basically depending on the size
and the shape of the intake) was determined on the basis of the experimental expressions
proposed by Hvorslev (0.022). Utilizing the piezometric elevation values recorded imme-
diately before and during the two critical hydrological events occurred in April 1987 and in
April 1988 and each time assuming as value for t the reading interval of the automatic
station (set every 2 hours at that time), new piezometric elevation values (Fig. 45) were
calculated (each new value taking into account the previous calculated one).

These new piezometric elevation values were consistent with the expected mechanism
of landslide. And in fact, the calculated peak values which triggered the movements were
found to be considerably anticipated with respect to the measured ones (and with respect to
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Figure 44, Piezometric and kinematic data automatically recorded during the collapse event (20th-24th
April 1988).

the starting of movements) and, in contrast to the measured values they showed an opposite
trend. The one relative to the collapse event of April 1988 gave remarkably higher values
than the one relative to the situation of April 1987 (Fig. 45). The reason for such a
behaviour, already discussed in the third case history, can be referred to the fact that the
time-lag and the truncation relative to the measured peak value (in an open standpipe or
similar equipments) become the more important the more rapid is the external piezometric
change (Fig. 35). As a result, the very rapid external piezometric change which occurred
during the collapse event of April 1988, led to the recording of a datum delayed in time and
significantly lower than the actual one.

The final result of the above computation was the determination of the piezometric
elevation threshold value which, once attained, made the landslide move and, once
effectively exceeded, made the landslide collapse.

Moreover, the calculated peak value relative to the event occurred in April 1987 equalled
the maximum groundwater level ever recorded by the operator during a previous critical
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Figure 45. Measured and calculated piezometric elevation during two hydrological events (1987-
1988).

event. This last event took place from 8th to 13th of May 1986 and caused landslide
displacements of an intensity comparable with the one recorded during the above event
which occurred in April 1987. The comparison between these two events constituted the
best reliability test for the correction procedure adopted, fully justifying the k and F values




162 M.-GAngeli

adopted even for the calculation of the piezometric curve relative to the event of collapse of
April 1988.

Thirdly, it must be noticed that the two events occurred under very similar climatic
conditions, as regards the temperature and the snow depth trends (Fig. 43). But a
comparative analysis of the temperature trend during the winter months preceding the two
events showed significant differences of the climatic conditions. In particular over the
period December 1986 - January 1987 the hourly temperature recorded at the landslide site
(1670 m ASL) generally kept under 0°C, whereas over the period December 1987 —
January 1988 it generally kept over 0°C (Fig. 46). This trend was then checked also at a
higher elevation (2183 m ASL), at a meteorological station located on the top of the
hydrographic basin: over the period December 1986 — January 1987 the average daily
temperature there generally kept under 0°C, whereas over the period December 1987 -
January 1988 it generally kept over 0°C (Fig. 47).
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Under these conditions the infiltration processes occurred in the upper part of the
hydrographic basin would magnify the effect of the spring snowmelting on the raising of
the groundwater level in the landslide body. They could have provided an additional
groundwater supply, delayed in time due to the long distance that the water particles had to
run flowing between the top of the basin and the investigated site.

4.4.6 Stability analysis _ _

A back stability analysis was performed on the examined landslide body (Fig. 48), taking
into account as hydraulic conditions the ones obtained from the above groundwater
analysis (Fig. 45). Taking into account the particular geometry of the landslide body, the
wedge method was utilized (Seed and Sultan, 1967). B

~ The results of the computations (assuming Y= 19.6 kN/m®, ¢’ =0, F = 1 and ¢, = ¢, = 0))
provided a value of ¢,, (mobilized shear strength angle} equal to 22.5°-23°, acting either
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Figure 48, Stability analysis.

along the whole extent of the slip surface or along the contact surface between the two
wedges.

The above value is obtained by a back stability analysis and therefore it must be
considered as the in situ operative average value of the shear strength angle. It appeared to
be intermediate between the residual shear strength angles obtained by laboratory tests and
respectively carried out on samples of morainic material (" = 35°-39°) and on samples of
material showing a predominant clay fraction (95" = 15°-17°), these last samples being
collected from the slip surface.

4.4.7 Discussion
The resulis provided by the analysis of the considered landslide allow us to obtain the
following results: '

1. Due to the long period of observation (7 years) it was possible to follow this case of
compound slide through all its stages of development: the toe erosion, the formation of
uphill tension cracks, the consequent formation of a graben structure (working as an uphill
natural water reservoir), the occurrence of the remobilizations and finally of the complete
failure of the landslide body due to the water level changes in the above reservoir;

2. The role of the climatic conditions in a such montainous environment were definitely
pointed out either at the site scale and at the scale of the whole hydrographic basin; the
movements were generally found to take place in early spring, in correspondence of the
snowmelting; in particular the influence of a seasonal raising of temperature, occurred even
at the top of the basin, was analysed in order to fully explain the mechanism of the collapse
event;
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3. The fundamental role of utilizing automatic recording systems in detecting the
short-term phenomena occurring in the slope (that is either the abrupt changes in ground-
water table or the consequent abrupt landslide movements) was highlighted by this case
history; in particular it was possible to determine the piezometric elevation threshold value
which, once attained, made the landslide move and, once effectively exceeded, made the
landslide collapse.

5 CONCLUSIONS

The importance of examining closely the actual hydraulic conditions in slopes appears to be
confirmed by all four landslide case histories presented here.

As it regards the first (4.1) and the second (4.2) case history the usual assumption in
geotechnical practice of considering in the back stability analyses a hydrostatic distribution
of the pore pressure along the slip surface, instead of the actual one, would lead to an
absolutely wrong evaluation of the mobilized shear strength. In particular, in the 1st case, it
leads to an underestimate of the shear strength of about 10 %, whereas in the second case to
an overestimate of about 18 %. In order to guarantee in the Ist case the carrying out of
stabilization works at reasonable costs and in the second case in full safety, both these
conditions should be avoided as much as possible. Moreover, it must be noticed that the
above percentages could easily increase, depending on the geometry of the landslide body.
For this reason priority must be given to the study of the actual hydraulic conditions, at least
as regards the distinctive groundwater flow pattern which almost permanently affects the
slopes. If & longer observation period is possible and an automatic monitoring system is
available, then the short-term temporal changes in pore pressures distributions should also
be investigated.

This brings us to the third (4.3} and fourth (4.4) case history, in which the usage of
automnatic monitoring systems allowed to record some very short-term hydrologic events,
critical for the stability of the slopes. This fact highlights the importance of carrying out
long-term investigations in slopes belonging to different climatic and geologic environ-
ments, in order to create an inventory of responses to extreme climatic conditions or, in
other words, in order to detect the piezometric threshold values which make the landslides
move. The above results may be useful, as a first approach, in studying similar cases
included in the same climatic and geologic environment.

In this context the groundwater flow numerical models played a fundamental role in
giving diagnostic pictures of the groundwater flow patterns in slopes on the basis of pore
pressure measurements or, alternatively, on the basis of in situ permeability tests. In the first
{4.1) case history presented here these models constituted a powerful check of the
experimental groundwater flow pattern obtained by a limited number of measuring points,
whereas in the second (4.2) case, for which a large number of in situ permeability tests were
available, they constituted a powerful tool of investigation of the most critical hydraulic
conditions which may occur in the slopes. Moreover, should we decide to stabilize these
landslides with deep drainage control measures, only the exact knowledge of the pore
pressures distributions (inside the landslide bodies) provided by the above groundwater
flow numerical models, could enable to design the correct positioning of the drainages.
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