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Discussion leader’s report
Rapport de I'animateur

MARCUS PACHECO, University of the State of Rio de Janeiro, UERJ, Brazil

1- INTRODUCTION

Following the introduction by the Chairman,
Prof. F.E. Barata, and the presentation of the
General Reporters, Prof. Nufiez and Prof.
Micucei, the remaining of the Session was
scheduled for discussions. Before going Into the
topics selected for discussion, we would like to
make a few comments about this Discussion Ses-
sion.

This fs the first ISSMFE Conference where the
subject of foundations of transmission towers is
included as a specific Discussion Session. This
may explain in part the fact that the attendance
to this Discussion Session was perhaps smaller
than expected. Another possible reason was the
undesirable conflict with DS-12 (Anchors and In-
jected Piles), which took place simultaneouslty,
considering that both topics have important com-
mon interfaces. Nevertheless, the author be-
lieves that the Rio de Janeiro Conference seems
to confirm that the number of geotechnical engi-
neers effectively participating in research, de-
sign and construction of foundations of trans-
mission towers throughout the world is probably
very limited. In practice, with some exceptions,
the foundation design is quite often left under
responsibility of structural or even electrical
engineers!

During this Discussion Session we registered the
presence of 43 participants distributed as fol-
lows: Brazil (22), Argentina (7), U.S.A. (3),
France (2), plus one participant from each of
the following countries: Bulgaria, Chile, Colom-
bia, Israel, Japan, Mexico, Netherlands,
Paraguay and Scotland. The participation of
Brazilians represented 51.16% of the Session. In
addition to the fact that Brazil was the host
country for this event, the attendance of a com-
parably larger number of Brazilian participants
in this session compared to other sessions may
be explained perhaps by the many peculiar trans-
mission systems that had to be implemented in
Brazil in the last two decades, as part of some
of the Jlargest hydroelectric projects in the
world, such as ltaipd (in the Southwestern part
of the Nation) or Tucuruf (in the Amazon area),
among others. To {llustrate this point of view
and referring only to the Itaipd Project, a
great deal of research effort was needed aiming
at the rational and economic foundation design
of this transmission system, which required the
construction of five parallel transmission lines
connecting Itaipd to S3o0 Paulo, crossing en-
tirely different geotechnical conditions and ge-
ological formations. Altogether, three 600-KV
lines in C.C. and two 750-KV lines in A.C. were
constructed, each one about 1,000 km long, to-

talling about 45,000 foundations
guyed and self-supported towers).

(including

2- TOPICS FOR_DISCUSSION

According to the author’s experience in re-
search, design and construction of foundations
of large and heavy transmission towers in dif-
ferent types of soiis throughout a continental
country like Brazil, the discussions will be
limited to some selected topics, as follows:

a- _Need of a rational procedure for foundation
design

Undoubtedly, we have available today a great va-
riety of theoretical and experimental research
directed to the subject of foundations of trans-
mission towers. However, due to the apparently
reduced participation of geotechnical engineers
in this field, it appears that the research
available is still not directed to practice the
way it should, aiming at the rational and eco-
nomic design. Since most of the recent research
development was concentrated In the theoreti-
cal /academic area, there is today a big gap to
be bridged between theory and practice. There
are many cases of foundations of transmission

lines worldwide still belng designed under old
empirical and overconservative procedures Ilike
the "inverted cone" or the "friction cylInder"”,

which almost always lead to unnecessarily high
costs of construction. I[f we consider that a
significant percentage of the cost of a hydro-
electric project is spent with its transmission
system, it Is quite clear that a deeper inter-
change between researchers and professionals
aiming at the rational and economic design is
highly needed. Roughly, the cost of the founda-
tions of a small, say, 138-KV single-circuit
transmission line crossing a region with no ma-
jor qeotechnical difficulties {s of the order of
4-87. of the total cost of the TL. For heavier
500/800-KV TL’s, also under "normal'" geotechni-
cal conditions, the cost of the foundations 1is
likely to fall in the range of 10-20% of the
global cost. This figure can reach 50% of the
total cost or even higher, in the particular
cases of heavy double-circult transmission 1ines
crossing densely populated and/or [ndustrial ar-
eas under unfavorable soil conditions.

There are {important conceptual 1Imitations to be
understood before applying the theories and pro-
cedures obtained by means of theoretical and ex-
perimental research (usually performed on re-
duced-scale models) to predict the behavior of
full-scale foundations. There are also major
differences between the response of a full-scale
test and the performance of the prototype in the

2987



field, since the conditions Iidealized in the
testing environment may be quite different from
those prevailing in the field. Therefore, the
prediction of actual performance based solely on
the resuits of theoretical and/or experimental
research developed under entirely different con-
ditions will most likely lead to poor design. It
seems clear that the desired Improvement in the
state-of-the-art of foundations of transmission
towers will be achlieved only with a deeper par-
ticipation of geotechnical professionals in this
area. This is being done successfully in France
under the sponsorship of CIGRE and Electricité
de France. However, thls important effort s ap-
parently not being fully assimilated by the
geotechnical community worldwide.

in _general not
tower struc-

b-_ Geotechnical engineers are
fully acquainted with the
tural/loading_behavior

In the broad sense, the concept behind the foun-
dation design for transmission towers is in many
aspects entirely different from the conventional
procedure where the structure transmits perma-
nent static loading to its foundation. There-
fore, even the renowned geotechnical expert with
an excellent command on the most updated theo-
ries and procedures for design of foundations
under uplift, compressive and lateral loading is
unlikely to offer the best design if a proper
understanding of the tower structural and load-
ing behavior is missing. Prof. Nufez and Prof.
Micucci presented In the General Report a sum-
mary the main types of loading governing the
tower and the foundation performance, which in
both cases 1Is controlled by a combination of
static loading (tower and conductors self
welght, angle, ice and temperature loading) and,
to a larger extent, short term transient loading
(conductor failure, wind, and earthquake load-
ing). The design loading is established accord-
ing to difFferent combinations of loading hypoth-
esis, formulated by the structural designer,
taking also into account the purpose of the
tower (suspension, angle or dead-end tower) or
the structural concept of the tower itself
(poles, self-supported or guyed towers). There-
fore, a rational foundation design must neces-
sarily take into account the nature of each
loading configuration, in accordance to the
tower structural concept. The importance of
proper understanding of the structural and load-
ing behavior by the geotechnical engineer is
similar, {in this case, to other examples of
foundation under transient loading, like in off-
shore and earthquake englneering.

c-_Long/short term loading versus long/short
term resistance

Even though the loading acting on a tower foun-
dation represents a complex combination of up-
lift, compression and lateral forces, uplift is
often a dominant loading for design purposes. In
this regard, it appears that there is a common
misconception among professionals dealing with
tower foundstion design (not necessarily
geotechnical engineers, as already mentioned)
where the foundation short term uplift resis-
tance is believed to be always larger than the
corresponding long term resistance. This s not
necessarily the case, as the foundation re-
sistance will depend on the soil shear strength
(according to its dilating or contractive behav-
ior), degree of saturation, permeability, effect
of suction, among other possible factors. Gener-
ally speaking, it may be difficult to predict if
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a given foundation under pulling loading on a
given type of soil will offer a higher or
smaller resistance under short or long term ba-
sis. This subject needs further research.

It is well understood that the design is often
controlled by short term dynamic loading. How-
ever, this effect is usually not taken into ac-
count in practice, as the short term action is
often replaced by & corresponding quasi-static
loading for design purposes, which obviously
does not include any dynamic effect. There are
many evidences that the current state-of-the-art
leads to overconservatlve foundations and this
is well fllustrated in practice by the reduced
cases of foundation failures compared to the
number of tower failures. The occurrence of wind
resonance, for example, is a frequent cause of
tower failures, with sudden and complete de-
struction of several structures in a row (5 to 8
or even more), but with no evidence whatsoever
that the foundation was overloaded. Usually,
only the obvious cases of poorly designed and/or
constructed foundations will endanger the tower
stability. However, the construction of founda-
tions in collapsible soils is always a matter
for concern, as properly addressed by the Gen-
eral Reporters.

d-_Load-displacement relationships

Most of the research so far was directed to
limit equilibrium investigation of foundations
under uplift loading. As a result, our knowledge
about the corresponding load-displacement behav-
ior is still limited. Some codes establish the
foundation working loads according to displace-
ment criteria, which are applicable to the cases
where loading tests are carried out to support
the foundation design. Thus, a deeper under-
standing of this mechanism will undoubtedly en-
large the state-of-the-art. Nevertheless, it
should be mentioned that there is no well estab-
lished agreement concerning the 1imit displace-
ment for design purposes, as it is strongly de-
pendent on many aspects such as loading hypothe-
sis (including duration of loading), type of
foundation, tower stiffness, quality of back-
fill, difference in strength between the back-
fill and the surrounding soil, etc. Addressing
this problem strictly from the practical point
of view and basing the reasoning upon the re-
sults of many uplift tests published in the
literature, in the vast majority of the cases
where the foundation was loaded to the ultimate
resistance, failure was reached with displace-
ments of the order of | to 4 inches. Considering
the limited cases of self-supported towers in-
vestigated by the author where the structure was
subjected to lateral and vertical displacements
even higher than 4 f{nches with no damage or
only 1light damage (due to the influence of
nearby excavations or slope fnstability), 1t ap-
pears that a steel tower is not much sensitive
to differential foundation displacements. There-
fore, an adequate design can be achieved by
limit equilibrium considerations, if a reliable
method of calculation is selected, together with
a proper choice of safety factor (of the order
of 1.5, for transient loading, or 2.0, for
static loading). This criterion is expected to
yield uplift displacements smaller than 1 to 2
inches in most soils, provided that adequate
construction procedures are used. For example,
excessive displacements of permanently tensioned
foundations (as in guyed towers) should be ex-
pected if the backfill s not compacted prop-
erly.




e-_What are the most adequate types of site in—
vestigation for foundation design?

This is one of the most relevant questions re-
garding the rational design of foundations of
transmission towers, and widely open to dlscus-
sion. One of the majJor difficulties In this case
is related to the fact that it is not feasible,
in general, to design one specific foundation to
each structure along a transmission line. Simi-
larly, it is not practical to perform site in-
vestigation at every tower location. Thus, the
problem becomes that of a qualitative selection
of representative parameters which are applica-
ble to a given region along the line. This will
allow the designer to choose 2 or 3 standard
types of foundations for each type of structure
to be used in the line. The locations to be
investigated should be uniformly distributed
throughout the line, with aid of airphotos, geo-
logical and geographic maps, in addition to a
detailed topographic survey and posterior field
inspection by an experienced geotechnical engi-
neer and an engineering geologist. A reasonable
qualitative interpretation of the soil parame-
ters can be achieved by investigating 5 to 10%
of the total tower Ilocations. This procedure
should not finclude the structures located in
difficult geotechnical conditions, which will
require speciflic types of foundatioms, which in

turn will also require specific site investiga-
tion at every problematic location. Common types
of site investigation are listed in the General
Report.

It is clear that the foundation designer, un-
avoidably, will deal with many uncertalnties to

estimate the soil properties, In addition to
inherent uncertainties in determining the design
loads. This seems to Indicate that the proba-
bitistic approach is a very promising tool to-
wards the rational desfign. Using concepts of
risk analysis, the design can be conceived to
accept a probability of failure (pF). which can
be estimated by a capaclity-demand model, where
o] is- expressed by the probability that the
Fgundation strength (capacity) will be exceeded
by the acting loading (demand), taking into ac-
count the uncertainty in estimating capacity and
demand.

3-_INVITED DISCUSSERS

Very interesting and productive discussions were
presented by the invited panelists, covering
most of the topics selected previously for dis-
cussion, as follows:

a- Prof. P. Habib (France) presented the results
of recent research co-authored by Dr. M.P. Luong
(France), showing the advantages of a new type
of foundation for transmission tower that s be-
ing used successfully by Electricité€ de France.
The foundation consists of a reinforced concrete
plate prestressed through its center by means of
a deep vertical anchor. Contrary to most solu-
tions, this foundation rests directly on the
ground surface. The foundation was tested simul-
taneously with a tower under dynamic excitation,
where both the tower and the foundation perfor-
mance were Iinvestigated. At the end of the Ses-
sion, Prof. Habib showed an interesting movie
illustrating the dynamic test. A brief wrlitten
discussion of this research was presented by
Prof. Habib and Dr. Luong.

b- Prof. W. Tang (U.S.A.) presented results of

his research sponsored by the American Petroleum
Institute (API) and directed to offshore founda-
tions, using probablilistic concepts. It was
shown that the results can be extended to the
case of foundations of transmission towers.

c- Prof. B. Das (U.S.A.) presented results of
his research on load-displacement retationships
for horizontal plates in sand, based on labora-
tory model tests. A simple expression to esti-
mate uplift displacements of plates fn sand was
proposed. A written discussion of the results
was presented by Prof. Das.

d- Prof. H. Sutherland (Scotland) presented a
summary of his Rankine Lecture, where large di-
ameter piers driven normally through the walls
of a tunnel were designed to fall under tension
loading. The main point concerning this discus-
sion was to demonstrate that the performance
predicted by existing models may be completely
different from the actual performance Iin the
field.

4-_FLOOR DISCUSSERS

According to the topics selected for discussion,
we had the following contributions:

a- Prof. F. Danziger (Brazil) showed his partic-
ipation in the deslign of the foundations of a
transmission I1Ilne crossing the Tocantins river
over a distance of S km, In the Amazon Jungle.
Details of the simultaneously anchored and piled
bases used In this crossfing were presented.

b- Eng. C. Pereira Pinto (Brazil) presented some
conclusions of his M.Sc. thesis (related to the
Itaipd ProJect) showing how the response of in-
clined steel grillages was controlled by a more
resistant compacted backfill compared to a
weaker surrounding soil. The effect of sofl
punching by the grillage was also reported.

c- Prof. E. Nufez (Argentina) presented expres-
sions of his authorship to estimate the uplift
capaclty of foundations. A conceptual {nterpre-
tation of shallow versus deep modes of failure
was presented.

d- Prof. C. Mahler (Brazil) presented satisfac-
tory predictlions of the behavior of piers under
pulling loads In residual soil by flnite element
analysis.

5-_SESSION CLOSURE

During the closing part of the Session, the au-
thor reported his participation in high capacity
uplift tests In piers and footings in residual
soil for a heavy TL In Brazil with net uplift
loads ranging from 50 to 200 tons. Accurate pre-
dictions using Martin’s model (Unfversity of
Grenoble) were presented, with a few modifica-
tions In the theory to account for the real mode
of failure observed in full-scale tests. In the
case of piers, the angle of fallure along the
shaft (\) was set to zero (instead of )= p/8, as
initially concefved In the theory). In the case
of footings, in spite of the excellent quality
of the compacted backfill, the comparably higher
strength of the surrounding resldual soll
clearly induced failure to occur at the contact,
also with X= 0.

Closing the discussions,

the author made an
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evaluation of the research trends aiming at the
rational design of foundatfions of transmission
towers. Starting with the pioneer work of Prof.
Balla in 1961, two main types of contribution
can be fdentified:

a) Theoretical research developed in the 60’s
and 70°s, with a major contribution of Europe,
where the University of Grenoble (France) has
created perhaps the most comprehensive theoreti-
cal framework in this field, under the sponsor-
ship of CIGRE and Electricited de France.

b) Semi-theoretical research developed Iin the
70°s and B80’s, with an active participation of
universities and research institutions fin the
United States and Canada.

Unfortunately, the Interchange between these two
research philosophies is 1limited. It appears
that the most recent studies are more directed
towards the semi-theoretical type of approach,
perhaps overlooking some of the remarkable theo-
retical work developed previously by other in-
vestigators. The work done at the University of
Grenoble, for instance, has been given very 1it-
tle emphasis by the followers of the more recent
type of research, with a very limited number of
papers (published by D. Martin and J. Biarrez,
most often) referenced only discretely In the
l1terature. This is probably due to the fact
that most of the work developed in France under
the sponsorship of CIGRE and Electricited de
France is documented in electrical engineering
procedures, perhaps with more limited access to
geotechnical professionals. Therefore, those in-
volved professionally and academically in this
field are highly encouraged to become more fa-
miliar with thls important work, to widen its
applicablility and to identify possible limita-
tions. The theoretical work done at Grenoble was
essentially based upon small-scale laboratory
testing models. Thus, the theory may not provide
initially the desired agreement with the results
of full scale fleld tests if a conceptual evalu-
ation of the theoretical framework is not care-
fully interpreted. In spite of the availability
of many valuable types of recent experimental
research, the opportunity to evaluate the per-
formance of a new type of tensioned foundation
(installed in any type of soil, at any depth and
any inclination, including either shaft and/or
base resistance) in light of an unique multi-
purpose theory (with the soil shearing strength
parameters representing the only relevant Iinput
data) Is probably being overliooked. In most
cases, the experimental results are used to
back-calculate parameters whose applicability is
restricted to semi-empirical rules which are
limited essentially to those testing and soil
conditions. Extensive experimental research de-
veloped in Brazil in the last decade on full-
scale tests 1In different types of tensioned
foundations, soils, depths, and inclinations
have demonstrated the broad applicability of the
theoretical work done at the University of
Grenoble, provided a careful interpretation of
its fundamentals is made.
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Discussion: Fondations ancrées précontraintes pour
pylones électriques
Discussion: Prestressed anchored foundations of
transmission towers

P .HABIB, LMS, ENSMP, ENPC, CNRS, Ecole Polytechnique,
Palaiseau, France
M.P.LUONG, LMS, ENSMP, ENPC, CNRS, Ecole Polytechnique,
Palaiseau, France

Les forces horizontales, par exemple dues au vent, qui s‘exercent
sur des pylones électriques ou sur des structures de grand élancement
engendrent au niveau du sol des efforts de traction du coté au vent et
des efforts de compression du coté sous le vent. Les solutions classiques
en fondations consistent 3 ancrer les coins des pylones dans le sol par
des masses en beton, par des plaques de béton enterrées ou par des
pieux, toutes fondations qui peuvent travailler aussi bien a I’enfoncement
qu‘a l'arrachement.

Le nouveau principe de fondation que nous avons étudié et réalisé
pour des lignes électriques d’Electricité de France consiste 4 précontrain-
dre le sol de fondation entre une plaque en béton posée en surface et un
ancrage profond mis en place par battage. L’intérét de la précontrainte
est double. D’une part on augmente la pression moyenne ce qui aug-
mente le module d’élasticité et d’autre part le premier chargement -do a
la précontrainte- provoque un écrouissage du sol qui augmente le
module de déformation ; les déplacements des fondations soumises aux
sollicitations de service sont donc diminués.

Des essais ont été elfectués pour comparer ces différents systemes
de fondations et on a étudié des fondations purement pesantes, des pieux
et des ancrages précontraints; des essais sur des maquettes en laboratoire,
en gravité normale, des essais en centrifugeuse sous 30 g et des essais
in-situ ont permis de valider I'intérét de ce nouveau principe de fonda-
tion en montrant d’une part que les fondations précontraintes étaient
moins déformables et d’autre part particuliérement résistantes. On ne
fera pas état ici des essais sur maquettes en laboratoire jusqu’a rupture
qui ont essentiellement permis de définir le dispositif de fondation, car
rien ne remplace la validation par des essais sur des structures réelles.
Mais, en vraie grandeur, il est difficile de faire de nombreux essais des-
tructifs 3 cause du colt des structures et nous avons été ameneés 2 mettre
en oeuvre un procédé non-destructif.

Mise en oeuvre de la fondation

Les ancrages sont constitués par des plaques métalliques profilées de
fagon a limiter les efforts de battage au moment de la mise en place.
Une ligne d’ancrage est battue avec la plaque. Un volet mobile, a
I'arriere de l'ancre, s’efface pendant la pénétration dans le sol ; il entre
en action lorsqu’on cherche a arracher I'ancrage en exergant un effort
vertical de traction sur la ligne d’ancrage. Le volet mobile provoque le
basculement de la plaque d’ancrage dans le sol qui peut ainsi se placer
normalement 4 la ligne d"ancrage (fig. 1).

-

Figure I - Systéme d’ancrage

L’effort de précontrainte (qui engendre le basculement de la plaque)
est donné par un vérin qui s'appuie sur une plaque en béton armé posée
directement sur le sol (lig. 2). La tete d’ancrage est isolée par un cache-
tage ; l'ensemble est protégé contre la corrosion par les méthodes clas-
siques. La dalle supporte des efforts de compression et I'ancrage les
efforts de traction. La précontrainte installée dépasse largement les
efforts de traction de service de fagon que l'on puisse disposer d’un
grand coefTicient de sécurité : chaque ancrage est donc éprouvé avant la
mise en service et il n’y a pas besoin de faire intervenir une approche
stochastique pour définir la charge admissible des ouvrages par des
notions statistiques.

Figure 2 - Dispositif de précontrainte

La mise en place de -4

ces dispositifs en fon-
dation ne nécessite
qu'un chantier extré-
mement léger et par-
ticulierement mobile, ce
qui est un avantage
essentiel pour [I'instal-
lation d’une ligne
nouvelle (fig. 3). Il
suffit d’un véhicule pour
transporter les éléments
de fondation (ancrage,
ligne d’ancrage, dalle de
fondation, téte d’ancra-
ge) d'un dispositif léger
de battage, d'un vérin
de précontrainte ainsi
que du matériel pour la
réalisation du cachetage.

D T vy

Figure 3 - Test de vibrations sur le pyléne

Essais non destructifs des pylones et de leur fondation

Pour éprouver les pylones et leur fondation on a choisi d’utiliser
une méthode non destructrice par enregistrement des vibrations propres
de la structure soumise 4 un test de licher. Elle a été mise en oeuvre sur
le terrain avec la Société Technologies Spéciales Ingeniérie (T.S.I.).

Pour cela un cable est fixé en haut du pylone. Il est accroché a un
ancrage au sol, loin de la base du pylone. Un tire_fort et un
dynanometre permettent d’exercer et de mesurer I'effort, dans le cible,
que l'on choisit ordinairement entre O et 30 kN. Une manille explosive
permet de libérer le cable tendu. Le pylone entre alors en vibration. Des
accélérometres fixés en différents points de la structure enregistrent les
mouvements. Les données ainsi acquises sont immédiatement traitées
électroniquement par une transformation de Fourier rapide de fagon a
obtenir, sur place, le spectre des amplitudes en fonction de la fréquence.
On peut mettre alors en évidence les principaux modes de vibration
(fexion, torsion, pilonnement du pylone) et 'on voit que leur amplitude
est évidemment fonction du point d‘accrochage du cable sur la structure
et de lintensité de la force. Pour un méme point d'accrochage,
Famplitude des vibrations est proportionnelle a l'effort dans le cible.
L’apparition d’une dissipation d’énergie en fondation (ou ailleurs dans le
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pylone, par exemple des boulons mal serrés), se traduit immédiatement
par un changement d‘allure du spectre de Fourier et par la perte de la
proportionalité entre 'amplitude d’'un mode et la force. Le fait que les
amplitudes restent dans le domaine linéaire ne veut pas dire que la
fondation ne cédera pas si elle est soumise A des contraintes excessives
mais simplement que le systéme évolue actuellemnt dans le domaine
élastique ; cela permet de comparer entre eux les pylones ainsi que leurs
différentes fondations et cela permet aussi de suivre l'évolution d’un
méme pylone en fonction du temps. Une cinquantaine de tests ont ainsi
été faits sur différents pylones. On a pu constater, sauf peut-&tre pour
les poteaux d’angle, que le spectre de vibration conserve pratiquement
ses caractéristiques malgré la présence des fils électriques sur le pylone ;
ce qui est particulierement intéressant pour le maitre de I'‘ouvrage
puisqu’on n‘a pas besoin de désarmer le pylone pour lessayer. Dix
pylones ont été construits avec le nouveau dispositif de fondation décrit
ici. Ils ont donné toute satisfaction vis-A-vis de l'essai non destructif qui
vient d’étre décrit.
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Panelist contribution
Contribution de panelist
W.H.TANG, University of lllinois, Urbana-Champaign, lll., USA

The foundation of transmission towers is in many ways
similar to the foundation of offshore structures. The
discussion here describes briefly a research project that
is sponsored by the American Petroleum Institute on the
reliability evaluation of offshore pile capacities. The
rationale for applying probabilistic approaches to
foundation design is similar for the two cases. Moreover,
the methodology developed for the reliability evaluation
of offshore piles can be easily extended to the foundation
of transmission towers.

There are many sources of uncertainties affecting the
performance of offshore piles. The most obvious source is
that assoclated with a given prediction model, exhibited

by a large scatter when the ratio of measured versus.

predicted pile capacities is plotted. The bias and error
corresponding to a given prediction model may be evaluated
if sufficient field test data are available. The spatial
variation of soll properties and profile across a site
could also render accurate capacity prediction impossible.
This problem is compounded by the fact that only limited
number (and quality) of soil samples and tests are
generally performed. Some of the less obvious uncertainties
include the biases (often conservative) that may be
introduced by the engineer in selecting nominal design
values for the soil properties, and the use of
sampling/test procedures vhich are different from that used
in calibrating the model bias. Finally the available pile
test data are mostly for short piles (relative to offshore
piles) and the loading rate is much slower than that
actually experienced by an offshore pille during a storm.
These are Just some of the other factors adding further
uncertainty on the value of model bias calibrated from
observed pile capacities.

In this research, major sources of uncertainties
affecting axial and lateral performances of driven offshore
plles in clay or sand are identified. The level of
uncertainties is then assessed using available field test
data as well as laboratory test data. A simple probability
model is proposed to integrate these individual sources of
uncertainties. The overall bias, error and reliability
level assoclated with insitu pile capacities and
performances, designed on the basis of API Recommended
(both 16 and 17th editions) are estimated.

A probabilistic approach is adopted for several reasons.
First, probability theory has been recognized as the only
tool for a systematic quantitative treatment of
uncertainties such as those cited above. It can be used to
model, estimate, analyse and update the uncertainties
consistent with the information available at a specific
site. Secondly, these uncertainties can be then related to
the probability of satisfactory pile performance through
a reliability analysis. Thus we can compare the relative
reliabilities between individual foundation failure modes,
between alternative pile system configurations, and
furthermore, between structural and geotechnical
performances. Since the level of uncertainties depend on
the amount of exploration effort at a site, the benefits
between alternative site exploration schemes, testing and

field instrumentation plans could also be assessed.

The research project consists of three phases. Phase 1
devotes to single axial plle; results have been published
in Tang(1988) and Tang(1989). Major findings include:

1. Reliability of pile performance should consider
not only the model error as 1inferred from measured
capacities in pile load tests, but also: (i) discrepancies
between in situ pile capacity during a critical storm and
that measured in a load test; and (ii) wuncertainties
associated with soil parameters determination.

2. The API-17 procedures reduces wuncertainties
associated with pile capacity prediction in clay, thus
increasing its performance reliability relative to the
earlier API-16 procedures.

3. Higher level of uncertainties is associated with
piles in sand. Major source is due to the simplified pile
capacity prediction model used; sites with high SPT values
and piles with larger capacity contribution from tip
bearing versus side shear are also subject to larger error.

Phase 2 involves single lateral pile. The work has been
completed and research results will be reported in Tang &
Gilbert(1990) and Tang & Woodford(1990). The final phase
is devoted to the reliability evaluation of the performance
of the entire pile system subject to combined axial and
lateral loadings.

This research identifies the major sources of uncertainty
affecting pile performances designed on the basis of recent
API-RP2A criteria, towards which future research efforts
may be directed in reducing such contribution. Additionally
the research assists the designers to better assess
differences in API guidelines which have been recently
adopted. In the long term, it will facilitate the
development of design procedures to maintain consistent
level of safety among different site conditions and between
structural and foundation subsystems.
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Load displacement relationship of horizontal plate
anchors
Relation effort-déformation des plaques d’ancrage
horizontales

BRAJA M.DAS, Department of Civil Engineering & Mechanics,
Southern lllinois University of Carbondale, lil., USA

ABSTRACT

Laboratory model test results for the uplift
capacity of shallow horizontal rectangular plate
anchors embedded in sand have been presented.
Based on these test results a nondimensional
load-displacement relationship has been
proposed.

INTRODUCTION

Horizontal plate anchors are in many instances
used in the construction of foundations of
transmission towers to resist uplifting load.
These anchors may be square, circular or rectan-
gular in shape. The design of horizontal plate
anchors subjected to uplifting load is usually
based on two criteria: (1) allowable uplift
capacity and (2) the allowable displacement
(uplift) under the design load. A review of the
available literature shows that the relation-
ships between uplifting load and the
corresponding displacement are not presently
well documented. A series of model tests were
therefore performed on rectangular plate anchors
in sand. The ultimate uplift capacity of model
anchors obtained from experiments has been com-
pared with the existing theories, and a
nondimensional relationship for the vertical
uplift load and uplift displacement has been
developed.

REVIEW OF LITERATURE

The uplift capacity of horizontal circular plate
anchors has been studied by various inves-
tigators (Balla, 1961; Mariupol’skii, 1965;
Veesaert and Clemence, 1977; Vesic, 1971).
Meyerhof and Adams (1968) suggested the follow-
ing relationship for the estimation of the gross
ultimate uplift capacity Q, of rectangular an-

chors embedded in sand.

2
Q, = YD (2SB + L - B)K tang + W + W, (1)

where 7y = unit weight of soil; D = depth of em-
bedment; B = width of anchor; L = length of
anchor; K, = uplift coefficient; S = shape fac-

tor; W = effective weight of anchor located
immediately above the anchor; Wy = effective
weight of the anchor; and ¢ = soil friction
angle.

The value of Ku depends on the angle of inter-

nal friction ¢, the variation of which is shown
in Figure 1. The shape factor S increases with
the embedment ratio D/B and may be expressed as
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S =1 + m(D/B) (2)

where m = shape factor coefficient. The varia-
tion of m as a function of angle ¢ is shown in
Figure 2.

The net ultimate pullout load Qo for an anchor

can then be expressed as

Q, =9, W (3)

(e} u a

So, from Equations (1) and (3)

Q, = vD°(28B + L - B)K tang + W (4)

However
W = DBLy (5)

The net ultimate load Q° can be expressed in
the form of a nondimensional breakout factor N_,

q
or
Nq = Q,/W (6)
Combining Equations (2), (4), (5) and (6)
N = Dy tans (11 + 2m(2)2 + 1) 411 (7)

Nq increases with embedment ratio D/B up to a

certain maximum value after which it becomes
constant. The embedment ratio at which Nq at-

tains a maximum value is known as the critical
embedment ratio (D/B)cr. Anchors located at D/B

< (D/B)cr are referred to as shallow anchors,
and those with D/B > (D/B)cr are called deep an-

chors. Figure 3 shows the variation of critical
embedment ratio for square and circular anchors.
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Fig. 3 Variation of (D’B)cr for square and cir-

cular anchors (after Meyerhof and Adams,
1968)

MODEL TEST DETAILS

Laboratory model uplift tests were conducted
using three model aluminum plates (all 3.18 mm
thick) measuring 50.8 mm x 50.8 mm, 50.8 mm x
101.6 mm and 50.8 mm x 152.4 mm, giving length-
to-width ratios L/B of 1, 2 and 3.

Tests were conducted in a box measuring 0.6 m
x 0.6 m x 0.6 m by compacting a poorly graded
sand to relative densities of 47.6% (¢ = 34°)
and 72.9% (¢ = 40.5°), hereafter referred to as
Series 1 and 2, respectively. The embedment
ratio D/B was varied from 1 to 5 which cor-
responds to shallow anchor conditions.

MODEL TEST RESULTS

Typical variations of the net load Q versus the
vertical displacement A obtained from the
present laboratory model tests are shown in
Figure 4. The net ultimate load Q is defined

as the load at which sudden pullout occurred, or
where the Q versus A plot showed a practically
linear relationship. The net ultimate loads
determined in this manner are also shown in
Figure 4. Laboratory experimental results for
the variation of the net ultimate pullout loads
Q, for the two series of tests are given in

Figures S5 and 6.

variation of ] ith Embed
Ratio

The variation of the breakout factor with embed-
ment ratio based on the experimental net
ultimate loads are shown in Figures 7 and 8. As
expected, for a given plate in a given series,
the value of N_ increased with the embedment

ratio. Also shown in Figures 7 and 8 are the
theoretical variation of N_ obtained from

Equation (7). In general, the experimental and
theoretical variations are in good agreement.

et =

Evaluation of the experimental net load Q and
corresponding displacement A data obtained
during these tests suggest that they can be ap-
proximated by a nondimensional rectangular
hyperbolic form as

(N)

o
purt
&
k- 12
Q
=}
s
Y o)
= 30
| T
I By k?<)
X = es 1
40 -
————oerl 2
® Ultimate load
0 L 1 :
0 0.0 0.04 ). 06 0.08
Vertical displacement,
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Fig. 4 Typical variations of Q versus a/B
600 T T
10\!
N)
200
8]
0 A 4 €
D/B
Fig. 5 Variation of Qo versus D/B--Series 1
8- A— (8)
a + ba
where 0= Q/Q, (9)
A = A/Au (10)
Q = net load at anchor displacement a; Qo = net

ultimate load at anchor displacement 8,7 and a,b

= constants.
Equation (8) can be rearranged as

opl

= a + ba (11)
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Fig. 7 Variation of Nﬂ versus D/B--Series 1

The observed variations of A/0 versus 3 have
been plotted in Figures 9 and 10 for Series 1
and 2 respectively. The variation of A/0 versus
4 for each series is seen to fall in a fairly
narrow range. The average values of a and b are
0.175 and 0.875 respectively. Substituting
these values into Equation (8) yields

o a/n,
Q, = 0.175 + 0.825(a/8,)

(12)

CONCLUSIONS

Based on the experimental model test results for
uplift behavior of plate anchors, the following
conclusions can be drawn:

1. The observed ultimate uplift capacity of
rectangular anchor plates is in reasonably good
agreement with that predicted by the theory of
Meyerhof and Adams (1968).

2. The approximate value of anchor uplift
displacement in sand may be estimated from
Equation (12).
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Discussion

EDUARDO NUNEZ, General Reporter, UBA-UCA Cons. Eng.,
Buenos Aires, Argentina

1) A rectangular plate, with width B and length L
horizontally located to depth D, under an uplift
force T tronsmited by a vertical anchor, experi -
ments a vertical movements that is followed. by a
mass of soil relatively fixed to the plate, In a
first approach the form of this mass can be
assumed as a parallelepiped., If the sum of the
anchor ond plate weights is Wo, the maximun value
of (T-Wo) is reached when the shear strength on
the parallelepiped lateral surface is totally
movilized, We can evaluate this force by means of
the equations s mc +TtgP = ¢ +yzKtap

T-Wo=yBLD+2(B+L)D+yOKtgP+2(B+L)Dc

J-_Wo=Y0 [1+(B+1)Dtg¢K] 2{B+1)D ¢

BL ) L L ]

from which, for a rectcngular plate,

=Y OD.N' + cN' where
rup qr
N' = 1+(g+1)gtg¢K and N' = 2(g+1)g
ar L 6 HC L B

and ¥ the effective unit weight of soil, K the

ratio between the effective principal stresses,

@ the sheoring friction angle and ¢ the cohesion.
The lateral mass of soil

4\14 at the boundary of the
volume of soil that is

lifted relatively fixed

with the plate, supports

a lateral compression

X reaching a passxve condi -

tion with ongles . We can

assume, without a large

X error - in consideration

with the uncertainties

respect with the other

B variables - that K< 1 ,

When Ly»»B, B/L-»0. Then,

for a continuous plate of

infinite length

(T-WO)/B-\'D(1+2tg¢)+c 2% =Y D.N'_ .+c,N

.

qvi ci
Wh.n L=B, B/L=1. Then, for square or circular
plates, pr

=T-WomT-Wos¥D(1+42Dt 4D=yDN' N*
. ° of(+ag¢)c51 age* Nee
* m2/a
i-1+(D/B)tg¢
=1+2(D/8B) tgP

Infinite Length N!' : Néi-z(D/B)

i ' ; N' =4(D/B
Square/circular Nq’c & (o/8)
2) As a matter of facts, the boundary surfaces
are not planes, Then, with the shape change of
the soils volume relatively fixed to the plate,
change both the weight and the shear strength
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developed along the actual surface., If, in a
first approximation it is not toke into account
the weight difference, but only the shear strength
influence is caoansidered, we can write

T-Wo = YBLD + 2(B+L)Ds(3¥0OKtgd + ¢)
where s is a shape factor that includes only the
failure boundary modification influence on the
shear resistence value, Therefore, for square or
circular plate we will have

=f0D.N__ + c.N =1+2tgPD s ; N =4D s
ar ¢ B € B

p where ﬁ
rup ay

If it is assumed that the mass of soil relatively
fixed to the plate has a

\T N T logarithmic spiral boundary
I surface, the moximun values
i %7 4 of N ond N will be
| w/: N “ar <
‘ I X [~ reached to depth
D| ;/‘ \ DL-Bexp(}W+q)tg¢+sind/(oosﬂ
/ \
¢ L’ b The ratio (D/B)_ is a

\ function of @. To pure
cohesive material, should
Iy \ be 45%2; for a real soil
could be considered an
average value in between
7@1 of @ and (45+%/2) but
/ larger than 459, Then, we
o ,/ can assumed «-%Y(45+¢/2) +
A $]=1/4(3T +39)< ase
J?/Z‘
—

o0 25 30 35 “40
(D/B)L 2,5 3,5 5 7.5

The shape factor s can be considered simply as a
A [ B ratio of the average width
of the solid soil mass

n attaded to the plate and
the width of the plaote.

s =1 ¢+

_A_ 1. 88
i 3 (D/B)

o AaZ[e/er2) /)

B/2, with these approximate
x X numerical values:

o] 30 40
7 0,2 0,28

0
5 8 40
5 24 93

(&-1)/(o/B)
N

For a pure cohesive maters#
rial, when the plate is
located ta great depth, the
adhesion with the soil
beneath plate allows the
total development of the
rupture figure as is shown
in the scheme. To B/L = 0 ,
/ T = 2P"caosd45 +f2Bcsind5

B/2. i / where P"=%,3/2 BcT . Hence
/
" # / T = (307+1)8Bc . Thgm
//;/ T/B=(3M+1)c oand Nc- 3T+
i " On the other hand, if it is
N considered a breaking of
S g

tha contact between the
lower plate surface and
the soil foundation, the



\ - ond, approximately, we have
@ 20 30 40
= suction effect is eliminated - ¢
- 1 2,1 3,6
hQ\\\:ib\‘ and the gap interrupt the %q 1? 6 ' 169
\\ rupture figure., Then, P" Sp 1,56 1,96 3,64
AN value falls to the half and
\ —— 1,2 1,27 1,
\ Nc become +.3W+1 = 5,7 51 '29 23
If we consider a logarithmic qu 1.9 2,6 3.2
spiral surface with @=0, we fc 2 3,3 6
get the same value, When the =
plates are squares or N N 4,5 11 58
circulars, it is necessary _q'
to apply a factor of 1,15 or N c 10 27 105
1,2; hence, to a pure cohesi €
ve material, N¢ will bem 7, 4) Averaging the values obtained in 2) and 3)
the following figs. ' were prepared;_the first_
3) Taking into account the difference among the one including the uplift load terms qu and Nc

actual and the simplified rupture figure, the
foregoing analysis con be made using another

factors in conection with the changes of volume ﬂ
(sv); surface area (sa); section area (sA) and 93

length (s ). In this case, for circulor plates

(the analysis is the same to square plates) we b=

can write 2 A

T-Wo=TB'DY.s +rB Dy2D tg¢.sa +TMB° 4D ¢ s
A

a 2 B B a
2
prup-(T-WO)/érB /4)-ro[(1+2gtg¢.su/sv)] sv+4g s, ¢
prup-rD.Nq':Ncec where
N - Dtgd. . : N =40D .,
quc (1+thg¢ su/sv) s, Ncc 2 g

In the same way, to a plate of infinite length

prup.r D.sA+"D%tg¢(sl/sA)sA + zg s, ¢

1
- N N .. h
prup ]’D.qui + Nci c where
N -
gyi = (‘I+2tg$?5.sl/sA)sA i Ngj = 2D .s)
B B
Then, we can introduce the following factors:
f ﬁgr o
7 - c -
Je |- 71 ay 5 | | | 2 |
. q¥i ) 10 20 30 40 0 10 20 30 40
2s +30tgf s
-2 A S 1 o By FIG. 1 - Circular and Square Horizontal
D| o 3 s,+Dtgd s, s, Plotes. Uplift Load Terms N_ & N
G — B q c
f - Ncc - 2 so where:
c - B for circular and square horizentul plates, and
¥ 45%' Nci 1 the second one the shape-depth factor to calcula
s. = L/Lo = L/D te rectongulor plates.-
SA = A/Ao
'{y’ N S = ! - AJTZRgA - 4 A EQA qu y 5
L vV Vo %o 2 Ao B 7
A a 4
‘ A ; Rgl = 2s_Fgl /
[ \ so =g = L 2TRql - 25 Rgl = sl_g 3
D | lax o omB Lo B B .
‘ 144\ s s, . 2R s D
/& ) o= "L gl o 3. 1 = 1
\
‘ G s, sn Ry 4 s, 2
L | A / . . 4
e ~ LeB(exp 91.tg¢—1)/2cosq.sxn¢ 10 20 30 0
. 2 - -
/B/%(, A=A (axp291.tg¢-1)/tg¢+51n2q /16cosa FIG. 2 fqt Shope-Depth Factor
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