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NOTICE - DISCLAIMER:

The information, analyses and conclusions in this document have no legal force and must not be considered as
substituting for legally-enforceable official regulations. They are intended for the use of experienced professionals
who are alone equipped to judge their pertinence and applicability.

This document has been drafted with the greatest care but, in view of the pace of change in science and technology,
we cannot guarantee that it covers all aspects of the topics discussed.

We decline all responsibility whatsoever for how the information herein is interpreted and used and will accept no
liability for any loss or damage arising therefrom.

Do not read on unless you accept this disclaimer without reservation.



Uplift Pressures under Concrete Dams - Final Repor

G Ruggeri
Chairman, European Working Group on Uplift Pressures under Concrete Dams

ABSTRACT: The report illustrates the results of #wivities carried out by the European Working
Group. Four subjects were selected by the GroupgtiRtory Rules and/or Normal Practice” adopted
in different Countries; "Analysis of Measurement t®a referring to recent relevant studies;
"Numerical Modelling” to compute uplift pressure§jéaring Of Drainage Systems".

1 INTRODUCTION regulatory rules adopted in different Countries to
take into account the uplift pressures in dam gafet
The Working Group started its activities in 1995. | assessments.
is composed of 10 members, representing thgvhen directly available, ancillary information on
following Countries: lItaly, France, Spain, Greatrelated aspects (such as drainage systems, uplift
Britain, Switzerland, Germany, Sweden, Austria.  monitoring, etc.) was also collected.
Examining the different aspects of potential insére Some Countries have no regulatory rules speciicall
the Group decided to concentrate its work on theddressed to uplift pressures. In these cases,
following topics: information was sought about rules commonly
- Regulatory rules (or, in their absence, rulesapplied in “normal practice”.
commonly applied in normal practice) adopted inAn exhaustive inventory of available regulatory
different Countries to take into account uplift requirements or applied practices was beyond the
pressures in dam design and safety assessments. scope of work of the Group; instead it was aineed t
- Analysis and assessment of measured uplifyather sufficient information to enable useful
pressures at a significant number of existing damgomparisons to be made and to evaluate the
looking for information and indications about the compatibility of the different approaches.

influence of the various factors affecting uplift The investigation was restricted to European

pressures. Countries, as shown in the following table: (RR:
- Numerical modelling for the evaluation of uplift Regulatory Rules; NP: Normal Practice):
pressures in the dam body and foundation, - |taly RR
discussing the capabilities, the limits and the - Spain RR
difficulties in the use of the available numerical - Portugal RR
approaches, and highlighting interesting results of - Germany RR
recent research studies. - Norway RR
- Techniques for clearing drainage systems, making - Finland RR
reference to the experience of large dam owners - Great Britain NP
and to the information available in technical - France NP
literature. - Switzerland NP
- Sweden NP
- Austria NP

2 REGULATORY RULES

_ . A full report on the information gathered for each
Through the co-operation of experts from differentcountry is given in Appendix 1.



As far as regulatory rules are concerned, it shbald curtains; drains and other methods to control and
noted first that their degree of detail is variafoem  limit uplift pressures; response of uplift to headter
Country to Country, but in most cases they are notariations; uplift in exceptional loading condit®n
very definite and rigid. (flood, earthquake).

In some cases (Spain) there is only an indication tlt was also interesting to investigate the corretat
take uplift pressures intoonsideration, without any between estimated uplift pressures using currently
further directive or constraint. accepted methods and actual measured uplift
In general the more detailed guidance relates tpressures.

gravity, hollow-gravity and buttress dams. For othe The Group considered it appropriate to concentrate
dam types, uplift pressures are not among the loathe analysis of this subject on gravity dams.

factors to be considered or are left completelthas Through information available to the members of the
designer’s responsibility. Group, a literature survey and personal contacts,
The most specific rules can be found in the Italianmportant recent studies on this subject were
Regulations (Technical Rules, 1982), where a lineaidentified. These studies were carried out by EDF,
or bi-linear distribution of uplift pressure is the Swiss National Committee of Large Dams, and
prescribed (for dams without or with drainageEPRI (USA) who promoted two studies.

system), with headwater and tailwater pressures diwo studies (EDF, EPRI) were specifically
the dam heel and toe, and with a maximum allowedddressed to gravity dams. The other two (Swiss
reduction of uplift at the drainage line (this National Committee, EPRI) also included other
maximum allowed reduction corresponds to theypes of dams, but most of the results were still
reduction commonly adopted in normal practice)relevant to gravity dams.

The uplift reduction can only be adopted if theThe Group reviewed such studies highlighting the
diameter and the spacing of the drains comply witlindings considered of main interest.

regulatory limit values. The common motivation behind all these studies is
In other Regulations (Germany, Portugal) analysethe acknowledgement that design assumptions about
by means of numerical hydraulic models arethe effect of drains, grout curtains, cut-offs, and
envisaged, at least for the foundations of majoother methods of controlling and limiting uplift
dams. pressures, have never been fully validated.

In some cases (Spain, Portugal) an abnormadrlhis becomes of particular interest in the safety r
increase of uplift pressures should be evaluated, iassessment of existing dams, where many questions
addition to normal operating conditions. and differences of opinion arise as to uplift
In the most recent Regulations (Spain, 1996assumptions. Many dams would require
Portugal, 1993) the word “uplift” is replaced thyet modification to meet updated safety standards. A
more general term “pore pressures”. In Portugueseetter understanding of the interaction of struadtur
Regulations a study of the mechanical effects ef thfeatures and uplift pressure distribution can
water in terms of effective stresses is explicitlycontribute to avoid unnecessary modifications.
required.

Referring to normal practice, flow-net analyses and

the use of conventional Ilnear/bl-ll'near distrilourti 3.1 EXAMINED STUDIES

are the most commonly applied approaches.

Reduction factors ranging between 0.25 and 0.6 are '

normally adopted to take into account drain3-1.1 Study carried out by EDF (France)

ffecti : : . .
efiectiveness This study (Ref. 1), concluded in 1995, examined

the uplift pressures measured in the foundatioBlof

3 ANALYSIS OF UPLIET MEASUREMENT EDF gravity dams (260 measurement points, in

The effects of the drainage systems, grout curtains

The Group recognised the value in preparing &re€ss Ieve!s and headwalter variations on uplift
summary of results (information, indications arfd, i Pressures in the foundation and at the dam-
possible, conclusions) derived from the analysis ofoundation interface were investigated. ~The
measured uplift pressures at existing dams takinghronological records of the measured uplift
into account the effects of the main factorsPressures were processed by means of statistical
influencing the uplift pressure distribution. techniques (multiple linear regressive analyses) to
Among the influencing factors, the following were distinguish the components associated with differen
included: foundation characteristics; effects afigr €xternal  factors  (hydrostatic load, ambient



temperature, time), and dimensionless/normaliseddequate information for analysis and interpretatio

coefficients were used to analyse and compare theas obtained for 148 dams (89 US dams, 59 foreign

measurement data. dams), of which 130 were gravity dams.
Consequently, the conclusions and recommendations
were limited to concrete gravity dams on rock

3.1.2 Sudy carried out by the Smss Committee of foundations.

Large Dams Following the preliminary review of data for all
) , . dams, the project was split into the following pd&s

This study (Ref. 2) was carried out by a working_ - cjassification of dams which provided good data

group of the Swiss National Committee set Up i 5 the aim of the study:

1986, and was concluded in 1992. _ - Detailed study of the data for each dam and each

Approximately 70 dams (38 arch dams, 25 gravity parameter:

dams, 3 arch-gravity dams, 4 buttress dams) were Study of the interrelationships of multiple

investigated with respect to geology and foundation parameters:

treatment, examining the measurement data that Development of trends, conclusions,

were available for about 70% of the investigated |ocommendations.

dams. _ ~ Much of the site data provided were incomplete
The study was expanded to include theoreticahecayse construction and foundation information

principles and details about measurement techniqueg, o inadequate. As a result, the study was unable t

used in Switzerland. validate assumptions about uplift with a high degre
of confidence. However, it was possible to arrive a
some interesting conclusions to direct the path of

3.1.3 Sudy carried out by EPRI (USA) subsequent research.

The Project “Uplift Pressures Under Concrete

Dams” (Ref. 3) was promoted by EPRI to determines 1.4 Sudy carried out by EPRI(USA)
if existing records of uplift pressure readingsldou ~ y y

provide a reasonable basis for evaluating currenfne project “Uplift Pressures, Shear Strengths and
analytical methods of estimating uplift pressurérengile Strengths for Stability Analysis of Coneret
distribution, and to examine the influence of saler Gravity Dams” (Ref. 4) was developed in 1989-

factors on uplift pressures. B 1992, after the conclusion of the previous EPRI
Among the factors of interest were: influence aida pygject, to examine some aspects of the subject in
foundation; effectiveness and reliability of grout ore detail.

curtains and drainage systems; uplift pressureg, aqdition to uplift pressures, the Project alsnesl
within the dam; effects of rapid changes in heaqq estaplish ranges of shear and tensile strergitis
water or tailwater levels; uplift pressures incopesion values for concrete-to-rock interfaces.

exceptional loading conditions. As far as uplift pressures are concerned the
The study examined a large amount of records chbjectives of the three-year study were the
uplift pressure data at existing concrete dams. bellowing:

this aim, a comprehensive questionnaire was
prepared and sent to more than 100 organisations, i
USA and foreign countries, obtaining responses

from 63 of them. o - Evaluate drain clearing methods;
Foreign contacts were primarily made through the Develop a rational approach for extrapolating
various ICOLD National Committees. Foreign |easured uplift to design flood levels.

responses therefore represented a number @f comprehensive study of uplift pressures at
organisations within those countries. . existing gravity dams was undertaken to meet these
Many agencies, companies, states, municipalitie§yiectives, Data from over 150 gravity dams was

and other organisations contributed to the projecteyiewed and 17 well-instrumented host dams were
The study also had access to data and findingss|ected.

produced by similar research studies undertaken bByhe selected dams were built between 1912 and

the US Army Corps of Engineers and Edisong74 and ranged from 30 to 170 m in height. A

Electric Institute. variety of sedimentary, metamorphic, and igneous
Altogether, data were collected for 225 dams. The,ck foundations were represented.

Project also reviewed a considerable amount of
published data regarding uplift at existing dams.

Evaluate geological conditions, foundation
treatment, and foundation drainage with respect
to their influence on uplift;



grouting holes, with very variable depths ( fron%d.0
dam height to several times dam height).
3.2 Main Results In Study 3.1.2 a quantitative statement concerning
the reducing effect of grout curtains on uplift was
not possible, for the relatively modest amount of
data available.
The large amount of data examined in 3.1.3 (70% of
the 148 dams investigated had grout curtains)
pointed out very variable situations. These ranged
from excellent examples of grout -curtain

discussed by Terzaghi as early as 1925, .‘minoﬁﬁectlveness to situations where the grout curtain

geological details” (defined as “features that tan ad a negligible effect upon .uplift. Significant
predicted neither from the results of Carefulexamples were also found of initially effective gro

investigations of a dam site nor by means of urtains later requiring remedial vyork. Conseqqen'tl
reasonable amount of test boring”) can have was concluded that grout curtains can be effecti

critical impact on uplift pressures. in reducing uplift but, in the absence of

Case studies examined in Study 3.1.4 confirmed thé@;trli.mentatlon_t o tcontlréumthJI[y plrove tk][?]t
the uplift pressures are controlled by the rock gnasc etcllvines_s, :c IS tno |'f|?rudent' O Tely upon the
discontinuities, that are several orders of magieitu curtain for significant Uptitt reguction.

more permeable than the intact rock. Therefore ihA‘ similar concluspn can be derived also from the
Study 3.1.4, after a brief discussion about théesults presented in Study 3.1.1. The effect otigro

predictable types of discontinuities in different curtain could not be identified (probably shaded by

foundation rock-types, it was demonstrated b)}he prevailing effect of drainage), thus confirming

means of suitable examples that uplift pressures aFEat twas notda? |qurtg.nt teffect. ; tud
mainly influenced by the following factors: the ven more defintte ndications came from study

variability of the joint apertures and the degrde 03'1'4' Case s.tudles .from the selected 17 hOSt d.ams
interconnection of the joints in a joint networket and from published literature showed that singie i

different permeability along or across shear zaes grout curtags h?\{ﬁ nr? St'g dnlflcanr;[ gffect 0?} l:jp!['ﬂt
faults (the material of the central core of a sheap'€sSUres. Six of the host dams had enough data 1o

zone is usually relatively impervious so that ﬂowevalgate the influence of a single line grout durt.a
perpendicular to the shear zone is restricted; th@nd. In no case could a megsurable effect on delift
zones of broken rock on either side are permeable gttrlbuted to the grout curtain.

that water can flow freely parallel to the sheane)o

Specific relatlonshlps_ between geological feature§.2'3 Drainage

and measured uplift pressures could not be

established in any of the studies reviewed. The results of all the four studies confirm that
drainage is the single most effective mean of
reducing uplift pressure, providing a direct highly
permeable path between the water bearing

Foundation grout curtains are installed to sea¢épor ldlsg?nélnuglisza?ﬁ the tallwate{. ined litati
joints and interstices in the foundation rock and " >tHdy s.L.2, s was ascertaine qualitatisly

thereby reduce seepage examining the profiles of uplift pressures along th

In old dams, shallow concrete walls or cut-offs ever dam-fo.undat|on_ mterface. For gravity dams,
often constructed near the heel of the dam, tgormallsed uplift profiles showed relatively low

prevent high uplift pressure from being transmitteodisperSion. and a clear break directly behind the
along any large, open joint near the surface. Irglralnage line, while for arch dams a much greater

modern dams, grout curtains serve the same purpos%isﬁgriﬁi?orrrensﬁgﬁgeizd t(r: prle)ssxrfeggg:]e?sre tuid Z
While it is agreed that a well-constructed grout y (FIg. ).

curtain can reduce the amount of seepage throughtd Lferenrtatlyi/tpe ogé)riZawg]uer C%l;:::nt;e thaetrfeor rlrc])(;t;tte d
dam foundation, the influence of the curtain onfupl . gravity . .
.Jmmediately downstream of the grout curtain, while

ressures is still a topic of debate, and this i !
Eonfirmed by the resultspofthe studies. or the arch dams they were located in the
ownstream part of the dam.

Most of the dams examined in the four studies haﬁ o
grout curtain consisting of single or multiple lnef h Study 3.1.2 a quantitative statement about the

influence of drainage systems on uplift was not

3.2.1 Foundation Geology

For the studies, particularly for those working @n
large number of dams, it was difficult to obtain
enough detailed data to examine in detail this éspe
Such difficulty is understandable considering that,

3.2.2 Grout Curtain



judged to be meaningful, because the monitoringamera, in Study 3.1.4, and they were found to be
data were relatively sparse and not based oaopen and clean after as much as 60 years of service
standard measurement principles. Galleries directly located on rock are also somesim

In all the numerous cases examined in Studies 3.118ed; they are, in effect, large and truly open box
and 3.1.4, some measurable degree of drainagkains, but, as box drains, may be not effective in
effectiveness was found, and in a good number atducing uplift in depth within the foundation.
examples the installation of drains producedConstruction of a drainage tunnel in the rock
dramatic benefits. beneath the dam was also reported in a few cases
A global quantitative evaluation of uplift reduatio (Ref. 3, Ref. 5). It can be a very effective but
produced by drainage is provided in Study 3.1.1. Amelatively expensive method to drain the rock
isobar contour lines map was derived from all thdormations and reduce uplift pressures.

available data, and compared with a corresponding

theoretical map computed for a perfectly drained

condition (see Fig.2). From this comparison, the3.2.4 Responseto headwater variation

measured uplift pressures downstream of the . . _

drainage line were higher than the correspondin his aspect was examined in Studies 3.1.1, 3.3 an

theoretical values. In this area uplift pressurés o3-1.4. ' _
about 30% of reservoir water level were observedconsidering the whole set of results obtained & th

Furthermore, the isobar contour-ines of thethree studies, it can be concluded that the peactic
measured values propagate downstream more th@§suming that uplift pressures vary linearly with
the theoretical ones, and that was interpreted asfgadwater is not confirmed by actual measured
symptom of an equivalent horizontal permeability ofuPlift behaviour. _ o

the foundations larger than the vertical one. All the 3 studies identified non-linear variation
The above stated conclusions apply to the modtPlift with headwater. o .
common drainage method, consisting of a line of? Study 3.1.3 the examination of 35 cases with
drains, drilled from the drainage gallery. The Isole good uplift-headwater information demonstrated that
are usually vertical, but they are sometimes regli  Ncrease in uplift pressure was not proportional to
to intersect more foundation joints. the rise in reservoir level, but was somewhat Iéss.

In most cases such conventional configuration wakationale for this was found in the progressive
found to be effective and adequate (Studies 3.1.1losure of joints and other natural flow pathshe t
3.1.4). At times, however, the drains did not'oCk mass, that can be produced by increased
intersect all the geological discontinuities. Ligatl ~compressive stresses produced by increased

regions of high uplift pressures could be reducgd bréservoir levels.
drilling drains specifically designed to inters¢ice T his observation would tend therefore to suppagt th

discontinuities causing the high pressures. valid.ity and logic of extrapolating uplift pressare
Different conclusions can be derived for other gype relative to head water level as a reasonable
of drains, such as “box drains”. conservative approach, at least up to the reservoir

Longitudinal box drains, sometimes arranged irfevel where no tension exists at the dam heel.
several rows, were sometimes used in old dams fatudy 3.1.4 also concluded that uplift pressures do
drain the concrete-rock interface area. They wer80t always vary linearly with changes in headwater
constructed by laying a line of half-round culvests |€vel, but uplift data from the host dams showed no
similar “boxes” on the foundation rock just beforelinear variations with increasing gradients of pli
the first lift of concrete was poured, and they ever Pressures at increasing reservoir levels; thatpift
connected to tailwater for the release of the cteie  Pressures did not increase in the same proporion a
water. It is now known that very often the waterf€Servoir level, but more. _ o
flow is concentrated along the rock joints rattert This behaviour was also associated to the varigtion

at the concrete-rock interface and consequently boXf the permeability of a dam foundation when the
drains have only a limited ability to reduce uplift  oints in the foundation rock deform as the reservo
later constructions their use was abandoned. Thd§vel changes. This aspect was also investigatéd an
are difficult or impossible to access and to keegonfirmed by means of simple theoretical analyses,
clean and free draining. Many of them are known tdased on a finite element model, to compute the
have lost their effectiveness and the effectiveindss Stresses in the foundation resulting from dead hieig

many more is unknown. Box drains at three dam&nd hydrostatic load.
were, however, inspected with a borehole TvBased on the data from the host dams and the sesult

of the theoretical analysis it appeared that onials
aperture joints deform sufficiently to give rise to



non-linear uplift response. Large aperture joinidé w unlikely that significant time lag exists in rock
probably not deform enough under the stressoundations.

changes caused by headwater variations to creaReviewing some of the occurrences of time lag
noticeable non-linearity. reported in literature and in Study 3.1.3, Study.48.

It also appeared that grouting may stiffen jointspointed out that they do not correspond to actual
sufficiently to prevent tapering of joints and thetime lag in the uplift response, but they can phbpa
resulting non-linear uplift. None of the host damsbe attributed to a misinterpretation of variatians
which had extensive consolidation grouting showediplift due to seasonal temperature variations or to
non-linear uplift. Dams which would be expected tothe delayed response of open standpipe piezometers.
have non-linear uplift would consequently be thosépen standpipe piezometers require that the water
with tight, ungrouted joints and large variatioms i flows into the pipe raising the elevation of theteva
reservoir level. surface before an increase in pressure is registere
In Study 3.1.1 both increasing and decreasinghe time required for this flow depends on the
gradients of uplift pressures , for increasingmesie  permeability of the foundation and the magnitude of
level, were observed. In some rare cases, both thke pressure change, and it can result in thealus
situations were observed at the same dam. of a time lag.

From all these results it can be concluded thafttupl For this reason open standpipes are not suitable fo
pressures can exhibit significant non-linearity inmonitoring the effects of rapid changes in reservoi
their response to headwater, characterised bglevation at dams with low permeability
increasing or decreasing gradients with reservoifoundations.

level, depending on how the rock mass

discontinuities are influenced by the stressesdadu ' o

by the dam-reservoir System_ 3.2.6 Seasonal Up“ft Variations

Study 3.1.1 also investigated a possible direct . .
relationship between measured uplift pressures an-Bhe expansion and contraction of the concrete,
the mean state of stress induced in the foundatiok€sUiting from seasonal air temperature variations,

The results are summarised in Fig. 3 and showe%hange the load distribution on the foundation and

some tendency (higher uplift pressures for smallefa" consequent'ly ‘?haf.‘ge the joint aperture and the
plift pressure distribution.

mean stress in the foundation) but the large!. ; . : .

dispersion of the data indicated that such possibl his aspect was myestlgated in detail in the Study

relationship is not a major factor. 3.1.4 by considering examples from published
literature and data from the host dams and by

theoretical finite elements analyses. The theaaktic

analyses showed that in winter the vertical stesse

near the heel is less compressive than in sumnaer an

The rate of uplift response is also an importanthe load that was originally at the heel is tranmsie
aspect, because it is sometimes argued that a dalawnstream. As a result, the foundation behaves lik
may not experience high uplift during a flood a tapered joint and the uplift pressures increase.
because the flood will be of such short duraticat th The analysis of uplift data also confirmed that
uplift will not have time to respond before the Seasonal temperature variations can significantly
reservoir level returns to normal values. influence uplift, with higher uplift pressures chgi
This aspect was examined in detail only in Studyold weather. Temperature changes can also
3.1.4. Frequent uplift readings were taken at $ix oinfluence the degree of non-linearity of the uplift
the host dams. The interval between uplift readinggesponse to headwater fluctuations.

varied from a few minutes at two dams to a fewin some cases the variation in uplift pressure tdue
days at the other host dams. temperature changes can combine with the variation
Without exception, the data collected and examinedue to changes in reservoir level in a way whi€h, i
in Study 3.1.4 showed no significant time lagnot recognised, can be misinterpreted as time lag.
between changes in headwater level and changes in

uplift pressures.

The simple conceptual model illustrated in Fig. 43-2.7 Upliftin Exceptional Loading Conditions

was also used to support the conclusion derived N - :
from measured data. This model demonstrated thé{p"ﬂ. response to seismic activity was examined
time lag would be expected in highly deformable buf)nly in Study 3.1.3. The few owners that reportad o

relatively impervious foundations. These two NS Issue, reported minor or no cha.ng.e in.upllift
requirements are contradictory and it is therefor& €SSUres due to earthquakes. These limited fisding

3.2.5 Rate of Uplift Response



support the common approach of not considering.2.8 Uplift in Dam Body

increased uplift pressures during a seismic event.

As far as uplift pressures during flood conditior a The monitoring of uplift pressures within the body
concerned, the possibility and the need of refgrrinOf concrete dam is rare. It is carried out only in
to measured uplift pressures to estimate the uplift €xceptional cases and very little information ois th
design flood headwater levels resulted from theésubject is available in technical literature.

analyses carried out in Study 3.1.4. In the large amount of information collected in
Basing the estimate on measured pressures &udy 3.1.3 for more than 200 dams, meaningful
essential because the actual uplift pressures aign v data on uplift pressures within the dam body was
substantially from common assumptions used in thavailable for only five dams. In these five cases
design, as pointed out by the previously describefneasured pressures varied widely, from about 5%
results. up to about 50% of reservoir head. These limited
However, it must be underlined that measured upliffindings support the usual practice of giving prina
pressures can exhibit high spatial variability. Theattention to uplift at the concrete-foundation

pressures measured at rather close piezometers daierface and in the foundation. . .
be significantly different. A comprehensive monitoring of uplift pressures in

Therefore, an extensive monitoring network isthe concrete of a buttress dam is reported in “San

necessary to derive reliable uplift values for safe Giacomo Dam: Results derived from the
assessments from measured data, considering al§aprovement of the uplift monitoring” (Ref. 5).
that for gravity dams the safety assessments fave $even automatic piezometers were installed in the
be carried out for independent blocks. concrete mass. No uplift pressures were measured
As far as the monitoring is concerned, in additon bY piezometers placed at a distance of a few metres
the number and the location of the instruments, th&om the upstream face, confirming the widespread
type of measurement devices should also bepinion that an effective hydraulic connection with
considered. In addition to the comment expressed e reservoir load can rarely be established in a
para.3.2.5 about the use of open standpipgound concrete.

piezometers, it is to be remarked that the widespre Different solutions are used to mitigate high
practice to measure up||f[ pressures temporar”pressures in dam bOdy These include: Sealing the
capping the pressure relief holes and enabling thepstream face, controlled grouting within the dam
pressures to build up and be measured is not a go8tass, installation of drains. High leakage is ugual
practice. the initiating reason for taking these remedial
Possible variations of the measured relationshifn€asures.

between external loads and uplift pressures must

also be taken into account. In addition to possible

slow and progressive variations (drifts), also the

possibility of sudden variations related to the4 TECHNIQUES FOR NUMERICAL

reaching of unusual or exceptional reservoir levels MODELLING OF UPLIFT PRESSURE

must be evaluated. Slow drifts can be associated to

slow variation in time of the permeabilities of the

foundation (increases or decreases of thd.l Introductory Notes

permeabilities). Sudden and strong variations @n b

induced by the opening of rock discontinuities whe |n this section a summary of the applied techniques
the state of stress exceeds threshold values. Thigr the numerical modelling of uplift pressures is

latter condition is less probable for gravity damsgiven, distinguishing between methods appropriate
compared to arch-gravity dams, for the lower stresg professional practice and methods more in the

levels transmitted to the foundation. field of highly specialised engineering services or
The extrapolation of measured uplift to higher wate gpplied research.

levels must therefore be based on a comprehensiyg the description emphasis is given to the

understanding of the uplift under normal operatingcapabilities, limits, difficulties of use, etc. dlie
conditions and a thorough understanding of howgifferent methods, rather than to a detailed
reservoir level, foundation geology, and drainagejescription of the methods themselves.

affect the uplift pressures. The numerical modelling of the flow of water
This is necessary to derive reasonable anghrough low permeability media (rock, concrete)
conservative extrapolations of the measuregyith discontinuity surfaces (rock joints, cracks,
behaviour. rock-concrete interface, it joints, etc.) can



undoubtedly be considered a difficult task. It ischaracterise hydraulic and mechanical behaviours
generally difficult, or impossible, to have a coetel and their coupling, etc.

knowledge of such discontinuities and of theirin the following, comments are made on the applied
behaviour under different loading conditions, takin numerical approaches, subdividing them in two
into account that the water flow along each surfaceections:

is affected by a combination of several factors.(i. * Methods to evaluate the uplift pressures
location, aperture, surfaces roughness, contaet are distribution along selected discontinuity surfaces
curvature, infilling materials, laminar or turbuten  (typically: cracks or lift joints in the dam body,
flow, steady or transient state, etc.). dam-foundation contact surface);

In addition, the strong influence of the foundations Methods to evaluate the wuplift pressure
treatments (grout curtains, cut-offs, drainage distribution in the whole dam body and
systems, etc.) cannot be neglected. From the foundation considered as permeable media,
numerical modelling point of view, they are typically referring to significant dam-foundation
“artificially induced difficulties” in a problem wibh vertical sections.

is already complicated.

On the other hand the strong influence of uplift

Pressures on basic safety assessments, such as ﬁhf Computation Of Uplift Pressures On Selected
sliding safety for gravity dams, is well known. The Surfaces

subject was debated as far as back the beginning of

the century (Levy rule, Rankine criteria).

The problem of the numerical modelling was4-2-1 Uncoupled Analyses

approached from the beginning using two baSI(‘Cracks in the concrete, contact surface between dam
schemes: the flow of water along cracks or other

discontinuity surfaces, or the flow of water thgbu and foundation, l.ift joints in the constructioncet
the materials (consider’ed as porous) identify preferential surfaces for the flow of wate
Starting from initial simplified approaches and and for the consequent development of uplift

« " : pressures.
closed ~form™ solutions, more and more nalytical solutions have been available for a lon
comprehensive and complicated  numerical. 9

: I : .~ time by means of charts, for a laminar flow in gea
modelling possibiliies became available, allowing tate conditions along a horizontal surface inteces

the representation in the models of an increasin§ : o .
. . y drainage holes (dam-foundation interface, lift
number of factors influencing the actual problem..””.

The increased completeness of the models has [é)(ﬁnts in concrete body). The charts in Fig. 5 (R

) , ow the uplift pressure at the drainage line as a
course a direct correspondence with the amount Q . . : .
input needed. unction of the basic geometric parameters : dan

The available numerical approaches can be rankeocI the drains from the upstream edge, spacing and

according to their degree of complexity: ,r:l (rjrlllé)sreo Lg]ri drrear:r;?gievgoalliz. detailed solution to this
» Uncoupled analysis of the filtration state along P

selected surfaces problem can be obtained by means of simple finite
e Coupled fluid-structure analysis, with linear element analyses, which can be used by most

stress-strain relationship for dam and foundatiorg"9/Neers operating in this f|e!d. Such analyses
materials (poro-elastic approach). provide the description of the uplift pressurestuosn

. Coupled non-linear fluid-structure analyses,Wh0|e surface. In Fig. 6 (Ref. 7) typical resulfs o

where the non-linear behaviour is concentrated OH"S kind of analysis are shown.
selected surfaces of particular interest (conerete

rock interface, important cracks in dam body o
joints in the foundation).

* Coupled non-linear fluid-structure — analyses,The methods previously described neglect the
where the non-linear behaviour is applied to thenfuence of the continuous deformability on uplift
whole modelled volumes. . _ pressures. The uplift pressures are, in most cases,

This is of course only one possible classificationqgyverned by the hydraulic and mechanical properties

and it must be underlined that the degree Ofs the discontinuities (joints, cracks, etc.) ang b

complexity of an analysis is influenced by severatpeir coupling.

complementary factors: steady or transient stategheoretical models of the water circulation along

type of non linear constitutive models used tQpints are available. Their application in reliable

numerical schemes is however limited to those cases

'4.2.2 Coupled fluid- structure analyses



where the actual problem is characterised by dimensions and water head influence uplift pressure
limited number of important and well-known distribution within cracks in concrete dam.
discontinuity surfaces. An experimental tests programme was carried out
In such cases the continuous media (dam anand numerical analyses were performed.
foundation) are modelled as impervious, the sedecteA first set of experimental tests was conductecgon
important discontinuity surfaces are explicitly single artificial fracture of about 1.5x0.5 m
modelled with “joint elements”, and the permeapilit consisting of two parallel concrete slabs with
of the joints can be related to the state of staess uniform spacing. The effects of various crack

deformation. parameters on crack flow and permeability were
The permeability of the joints is usually related t investigated. A first phase of these tests valuidhe
the cube of the joint aperture. cubic law and a literature review pointed out that

The cubic law derives from the theoretical solutionthis law can be considered valid over apertureegang
of the laminar flow of an incompressible viscousfrom 0.005 mm to few centimetres. Subsequent tests
fluid between two parallel surfaces, where the meaqguantified the effect of the small scale surface
flow velocities are linearly related to the hydiaul roughness, the macro-roughness and the channelling
gradients “i”, and the flow rate “Q” per unit widih  around contact areas, and analytical expressions
expressed by : Q = (gh3AMR® A number of were derived to adapt the basic cubic law to tke te
experiments has been developed to adapt the cubiesults.

law to more realistic conditions of natural joiatsd A second set of experiments was conducted on
fractures. Extensive studies of water flow throughconcrete cracks created by tensile splitting,
joints in rock provided several flow laws and thei investigating the effect of normal stress actingan
ranges of validity, pointing out that, in additiom fracture.

the crack aperture “b”, the roughness of the crackinally, full scale flow experiments were conducted
surface “k” control the flow. Different flow laws@ on a large physical crack model (3 x 2 m),
summarised in Fig. 7 (Ref. 11), together with theinvestigating different combinations of crack
expressions and the parameters to use to relag@itrance heads, crack apertures, drain location and
velocities “v” and gradients “i" (v = - ki) drain diameter.

An interesting analysis of this kind is illustrated In parallel with the experimental tests, an “ad*hoc
Ref. 8. The analysis was aimed at the evaluation dfnite element computer programme was developed
uplift pressures along the dam-foundation contacknd extensive parametric numerical analyses were
surface, for three headwater levels. Theconducted.

computational model and some results are shown ihhe main results of this applied research study
Fig. 8. The results underlined that the variatidn oshowed that:

joint aperture has a significant influence on tpéfu * A fracture experiences its greatest non-
pressures. The computed pressures, when comparedrecoverable decrease in transmittivity during its
with a linear distribution, were found to be higher first loading cycle. Cyclic loading tends to
for the max headwater level, and smaller for lower increase the fracture stiffness and cause loading-
headwater levels. closure relationship to become increasingly
Another interesting approach is the F.E.S. model elastic.

(Fissured, Elastic, Saturated Rock Mass) proposed The normal stress-transmittivity relationship is
by G Lombardi (Ref. 9, 10), which enables the highly non-linear. The effect of an incremental
analysis of the variations in pore pressures inckr  change in normal stress decreases with increasing
mass foundation taking into account the effective normal stress.

state of fissuration. * A model relating the cube root of transmittivity
Analyses of this kind require rather complex the logarithm of normal stress can reliably
computational software and good experience in describe the hydraulic response of a fracture to
numerical modelling, combined of course with good changes in normal stress.

experience in the definition of the input paran®ter ¢ For small crack apertures (less than 0,4 mm) all
drain sizes are essentially equally effective. For
larger apertures (to 1 mm) uplift pressures are

4.2.3 Applied Research Sudies reduced significantly only by drains larger than
2.5 cm in diameter.

Applied research studies were recently promoted by For drains spaced at 1,7 m, the increase of drain

EPRI and carried out by the University of Colorado effectiveness with drain diameter is higher for

(Ref. 11, 12), to quantify how crack propertiesidr drain diameters ranging between 2,5 and 8 cm.



Further increases in drain diameter beyond 8 crtechniques, such as “special elements” with asdigne
do not change drain effectiveness very much.  hydraulic boundary conditions to model the drains.
* The drains become less effective under turbulentorrespondingly, more specialised computer
conditions. Such conditions can be induced byrogrammes (or more powerful general purpose
increased crack apertures or increased flowprogrammes) and adequate numerical modelling
gradients. A model which does not allow for experience are required.
turbulent flow behaviour always underestimatesHowever, the critical point remains the evaluatidn
uplift. the permeability parameters of the materials, not i
their “undisturbed state” but when subjected to the
load factors generated by the dam.

4.3 Computation Of Pore Pressures In Continuous

Media 4.3.2 Coupled Analyses. Poro-€elasticity and

Poro-plasticity
Numerical approaches derived from soil mechanics
are also used to compute pore pressures, modellifighe poroelastic/poroplastic methods are based on
the actual problem as a porous media problem. the effective stress approach, where the
The filtration process through porous media hasg webeformability and the strength of the materials are
established and consolidated analysis techniquegpverned by the effective stresses. Considering the
available through many computer programmesyery limited porosity of the concrete and rock
They can help in the study and understanding of thtoundations, their stiffness cannot be considered
uplift problem, even if the representation of jeit negligible compared to that of the water, as assume
media as porous media requires the use of rath#r soil mechanics.
critical equivalence criteria for the definition of Therefore, only a certain percentage of the total

reliable input data. stress is transformed into pore water pressures (Bi
coefficient).
As in any porous media approach, key parameters
4.3.1 Uncoupled Analyses are the permeability values. Different permeability

values can be assigned to different areas/elements
Classical “flow-net” analyses are used to evaluat@nd to different directions of flow.
the pore pressure distribution, typically referrittg A further coupling between hydraulic and
significant vertical sections of the dam-foundationmechanical behaviour can be included by relating
system, neglecting the coupling between thehe permeability to strain state indices (suchvasl
hydraulic and the mechanical behaviour. index, total deformations, plastic deformations, et
Generally the concrete dam body is considereghteresting applications of the poro-plastic agoto
impervious in these analyses, and the determinatiofre reported in “Poro-plastic analysis of concrete
of the flow-net is restricted to the foundation.€Th dams and their foundations” (Ref. 13). This paper
resulting pore pressures are then transferreshpass i describes the analyses carried out for two existing
data, to the structural safety assessments. dams (a concrete dam and a stone-masonry dam)
Generally the analyses are carried out in steaatg st affected by anomalous behaviour.
conditions. Transient analyses are used only forhe dams and the foundations were modelled as
predictive or interpretative models of observedporous media, with an elasto-plastic mechanical
behaviours. constitutive model (the cracking phenomena in the
Non-homogeneous foundations can be modellegoncrete were therefore represented by equivalent
assigning different permeability values to differen plastic deformations) and the permeabilities were
portions of the model and the commonly availableelated to the plastic deformations. The coupling
computer programmes enable the modelling opetween the hydraulic behaviour and the
orthotropic permeabilities. deformations was therefore determined by the
These modelling capabilities do not requirearising and the propagation of the irreversible
specialised numerical experience. The engineeringeformations.
experience to properly define the permeabilityThe initial permeabilities assigned to the bodyhef
values adopting adequate equivalence criteria istone-masonry dam (10-7 horizontally, 10-8
more important. vertically) increased with plastic deformations,top
Also the presence of grout curtains and drainaggajues of 10-4. In the maximum water level

systems can be introduced in these models. Thisondition a significant cracking state resultedha
requires the use of more refined modelling



lower upstream part of the dam, and this governed

the water flow through the dam body.

The uplift pressures at the dam-foundation interfac5 DRAIN MAINTENANCE AND CLEANING
showed some variation from the linear distribution,

mainly at the downstream part (Fig. 9).

Such coupled analyses are highly specialised 1 caicium Carbonate Deposits
engineering services. They require powerful and

specialised computer programmes and significant _ ' '
skill in numerical analyses. Drains often become partially blocked with deposits

As a general comment on these analyses, it fs@lcium carbonate deposits are the most common
believed that the full saturation hypothesis anel thand important cause of drain clogging. .
steady state response to applied loads are critickhe calcium carbonate is deposited in foundation
points. They can offer an unrealistic representatiodrains through a three-step chemical reaction. The
of the actual conditions in those zones that arte n&alcium carbonate is dissolved from a source,
interested by significant plastic deformations. ywer transported in solution, and then redeposited & th
rarely the hydraulic equilibrium with the reservoir drains. The dissolution process begins when water
load can be established in a normal concrete jabsorbs carbon dioxide. The carbon dioxide may be
sound conditions, even for slow variation of thedbsorbed directly from the air, or it may be picked
hydrostatic load (Ref. 14). This is only possibte i UP Dy groundwater percolating through soil (most
particular cases, such as very poor or deteriorate?fll is enriched with carbon dioxide as a result of

concrete or old stone masonry dams with a largrganic decay). The high water pressure at the
void index. bottom of the reservoir can cause dissolved carbon

dioxide gas to combine with the water to form

carbonic acid (this reaction is pressure sensitike)
4.3.3 Applied researches. Analyses of unsaturated more carbonic acid forms, the pH of the solution

conditions decreases (i.e., acidity increases). A solutiorn wait

pH of less than 8.2 can dissolve calcium carbonate
The introduction of the partial saturation conditio (from dam concrete, grout Curtain’ foundation rock)
in transient coupled analyses makes the numeric@drming calcium bicarbonate. The calcium
analyses very complex and difficult. bicarbonate is then transported in solution as the
Powerful computer programmes and, above alkater flows into the foundation. But calcium
great experience in non linear numerical modellingyicarbonate is unstable and if the water pressure
are required to carry out properly a computatiorjecrease (as it is when water flows into the djains
affected by convergence problems due to the strongis causes the reaction to reverse and the dasolv
non linearities involved. These analyses belongalcium carbonate is deposited in the drains. The
therefore to the applied research field. rate and magnitude of the pressure decrease affects
On the other hand, they can provide usefuthe density of the deposits and the amount of the
information about the influence of aspects NOfyrecipitate which forms.
represented in simpler approaches. The time a drain takes to block depends on a large
The results of analyses where the partial saturationymber of parameters: soluble minerals in
condition was taken into account (for example, Reffoundation and concrete, flow rate, pH, etc.

15) demonstrate the high hydraulic inertia of theThe hardness of a deposit can vary, from rather sof
dam body, that is a high resistance to water flow. +tg so hard that removal can be accomplished only by
the numerical analyses described in the above Redrilling. Soft deposits will generally harden over
15, after 40 years of constant reservoir level thgme.

phreatic surface reaches a very limited penetration The character of a deposit often changes with
the dam body (less than 20 % at the dam base, sggation. Drains may be severely blocked in one
Fig. 10). N portion of the dam and completely free of depdsits
This is due to the low permeability of a soundanother. A single drain can have deposits which
concrete, and to its strong reduction with therange from soft to hard throughout all or sometsf i
saturation degree (Ref. 16). Partial saturatiomength_

conditions in the dam body correspond therefore t@orehole camera inspections were carried out in
extremely low permeability. Localised voids, suchgpr| Study 3.1.4 (Ref. 4). They showed that drains
as the longitudinal dam tunnels, also induce thuere often free of deposits at depth. That is,icaic

presence of an unsaturated area aroun_q them, wigarhonate deposits appeared to be confined to the
the above stated effects on the permeability.



upper part (some metres) of the drains, when the
pressure of the water is lowest.

Drain clogging is usually detected by visual
observations (qualitative indicators), and/or bg th
examination of uplift and leakage monitoring data
(quantitative indicators); a gradual increase ififtup

floating particles. Water and debris are blown
out of the hole using a pressure of about 0.1
kg/cm2 per metre of drain depth. Flushing is the
preferred method for removing iron bacteria
deposits. Neither increases in flow nor decreases
in uplift have been associated with this method,

pressure, accompanied by a decrease in leakage when used on calcium carbonate deposits. In

from drains, is most probably an indication of deai
becoming clogged.

Experiences and information available to the
members of the Group pointed out that drain
cleaning is seldom performed according to pre-
defined maintenance program. Information collected
from dam owners indicated a wide range of time
intervals between drain cleaning: from “annual”’ to
“‘never”.

Usually more attention is given to the condition of
the drains in foundation, rather than those in dam
body.

Often drain cleaning is planned and carried out as
part of a general maintenance project.

In many cases it is imposed by the results of a re-
assessment of the safety conditions indicating the

reservoirs of fairly acid waters, flushing
reservoir water continuously through the box
drains was found to be effective in preventing
the build up of deposited materials in this
particularly delicate type of drain.

Soaking: Filling a drain with reservoir water -
more acid than drain water - and letting it acting
to soften and dissolve deposits. The softened
deposits can then be removed by flushing.
Experiences carried out in USA pointed out that
further study is needed to fully determine the
effectiveness of soaking. It is possible that drain
soaking with reservoir water, incorporated into a
routine maintenance program, could reduce the
need for more expensive clearing techniques.

strong influence of the drainage systems on th&hese inexpensive techniques can of course be used
“safety-factors” and asking for their effectivenéss only when the deposits are not too thick or toalhar
be proved or for their improvement (when thebecause their effectiveness is limited.

existing drainage systems are not adequate). With
regard to this aspect, it must be noted that rigid
regulatory

rules can conflict with technically 5.1.2 Moderately expensive techniques
reasonable approaches. This happens, for example,

when the possibility of taking into account theidra They include:

effectiveness in relieving uplift pressures is byl e
constrained to rigid limit values of drain diameter
and spacing.

The techniques in use for drain cleaning vary,
depending on the seriousness of the clogging
conditions. On this matter, the information coléstt

Mechanical abrasion: Mechanical abraders
(rotating rods equipped with various types of
abrasive heads) can provide visually cleaner
drains, and some increases in drain flows have
also been observed, but definite reductions in
uplift have not been identified.

by the Group confirmed the findings of the reviews High pressure water blasting: Deposits are

carried out in EPRI Study 3.1.4 (Ref. 4).

Focusing on methods which have met some measure
of success in removing carbonate deposits, they ca
be classified as follows.

5.1.1 Inexpensive Techniques

They can be performed by site personnel using
readily available equipment.

They include:

* Rodding: The deposits are pierced with metal rod.

removed by pumping pressurised water through
a hose equipped with a specially designed
nozzle. Water blasting uses water pressures up to
2000 kg/cm2, depending on the hardness of the
deposits. It has been tested at several concrete
dams but it can be considered a still
experimental technique. Although routinely used
in other industries, there is no common
consensus at this time regarding the pressure and
flow values needed for drain cleaning.

After the deposits have been broken up, thé&.1.3 Expensive techniques

drains are usually flushed with water to remove
residual matter.

They
* Flushing: Drains are first filled with water and Opérators.

and skilled
for drain

require special
These are

equipment
appropriate

then flushed to remove loose deposits and free€habilitation but are probably too expensive to be
used for routine maintenance.



They include: the foundation drains. Sometimes drains are phrtial
« Ultra High-Pressure Water Blasting. Ultra High- lined with iron pipe which can also increase thmnir
Pressure water blasting equipment consists of eoncentration in the water.
high pressure pump and a hose fitted withThe iron bacteria deposits are soft enough to be
cutting heads having typically two or four removed by washing with low pressure water.
nozzles which act to direct thin streams of high-
pressure water toward the wall of the drain. Both
fixed and rotating cutting heads are available. 16 REFERENCES
has been reported that when the rotating head is
used, deposits on drain walls can be removed iHlere below the references expressly mentioned in
only one pass through the drain, while the use othe document are listed. In each reference,
the non-rotating head resulted in “stripping” thecomprehensive bibliographic lists can be found.
drain walls. Ultra high-Pressure water blasting
equipment is large and may not fit inside a danl C Brunet, M Poupart, D Rossignol. “Analyse de
gallery. la piezometrie observée en fondation des barrages
« Redrilling. This is the only method that has been Poids en beton”, Crans Montana Symposium,
clearly shown to reduce uplift. Usually drains are 1995
driled out to their original diameter, but 2 Schweizerisches NationalKkomitee fiir Grosse
available data indicate that redrilling the drains Talsperren. Arbeitsgruppe Auftrieb. “Auftrieb bei

to larger than original diameters is most Betonsperren’, 1992 . _ o
successful. It must be considered that3 A G. Strassburger. “Uplift Pressures in Existing

investigations documented in technical literature Concrete Dams”. Research Project 1745-27, 1988

demonstrated that calcium carbonate deposité Stone and Webster. “Uplift Pressures, Shear
form not only on the walls of drains but can also Strengths and Tensile Strengths for Stability
form a bit beyond them, inside joints and Analysis of Concrete Gravity Dams”. EPRI TR-

fractures intersected by the drain walls. It must 100345, Vol. 1, Project 2917-05, 1992

also be observed that in a number of dam® A Masera, S Ceccato, P Saccani. “San Giacomo
(particularly in old dams) drain holes are rather Dam : Results derived from the improvement of
irregular, due to problems in construction. the uplift ~monitoring”, Crans Montana
Where the line of the drain is very irregular, it ~Symposium, 1995

can be easier and more cost effective to redrif Hoffman. “Permeazioni d'acqua e loro effetti in
the drain holes in completely new locations, muridiritenuta”. Hoepli Milano, 1929

rather then attempting to redrill the existing?7 P Palumbo. “Studio delle tecniche di analisi e di
ones. Experiences in the use of flexible drilling Verifica delle condizioni di sicurezzza degli

equipment were not successful where the drains sbarramenti minori”. ISMES Internal Report
were very irregular. RAT-STR-3134, 1996

8 R M Ebeling, E Pace. US Army Corps of
Engineers Waterways Experiment Station. The

5.2 Iron Bacteria Deposits REMR Bulletin, Vol. 13, n.1, 1996
9 G Lombardi. “The F.E.S. rock mass model- Part
Less commonly than calcium carbonate deposits, 1 and Part 2”. Dam Engineering, Vol. I, Issue 2

iron bacteria deposits can also be found in drains  and 3, 1992

concrete dams. The deposits may be confined to thEd W Amberg. “Modéle pour les massifs rocheux
drains, although they are sometimes present in the fissurés et saturés”. Recherche dans le domain
gutters and on the gallery floor. des barrages, Lausanne Seminaire, 1996

The deposits are typically slimy or gelatinous,tvus 11 University of Colorado. “Uplift Pressures in
coloured and sometimes smell of hydrogen sulphide Cracks in Concrete Gravity Dams — An
gas. Experimental Study”. EPRI TR-101672, Vol. 8,
Iron bacteria grow in iron-rich water having a pH Project 2917-07, 1992

between 6.0 and 7.6 and a conductivity between2 University of Colorado. “CRFLOOD: A
+200 and +320 mV. Iron carried out by groundwater Numerical Model to Estimate Uplift Pressures in
can accumulate in the sediments at the bottom of a Cracks in Concrete Gravity Dams”. EPRI TR-
reservoir and may, over time, provide an 101671, Vol 4, Project 2917-07, 1992
environment suitable for iron bacteria growth. The

iron-rich water at the bottom of the reservoir may

eventually percolate through the foundation and int



13B Fauchet, O Caussy, A Carrere, B Tardieubuttress and multi-arch dams. The safety evaluation
“Poroplastic analysis of concrete dams and theiagainst sliding is based on the ratio T/N (T: resul
foundation”. Dam Engineering, Vol. II, 1991 of forces parallel to the sliding surface, N: résof
14 A Neville. “Le proprieta del calcestruzzo”. of forces normal to sliding surface).
Sansoni, 1980 Uplift pressure are not considered as load fadtors
15R Pellegrini. “Tecniche di modellazione edarch dams.
applicazione delle sottopressioni”. ISMES
Internal Report RAT-STR-2832, 1996 Gravity dams
16 M T Van Genuchten. “A closed form solution for For gravity dams the sliding assessment has to be
predicting the hydraulic conductivity of executed for the base section and for any horitonta
unsaturated soils”. Soil Sciences Americansection along the dam body using the following sule
Society, 44, 1980 for uplift pressures.
Uplift pressures distribution along a horizontal
section trough the dam is assumed to vary linearly
from full reservoir pressure at the upstream heel t
THE EUROPEAN WORKING GROUP zero or tailwater head at the downstream toe, if
drains are not present.
The European Working Group on “Uplift PressuresFor drains to be taken into account, they must
Under Concrete Dams” is composed by thecomply with the following rules:

following members : - spacing not greater than 2.5 meters,

- diameter not less than 200 millimetres in the
Ruggeri (Chairman) Italy foundation and not less than 120 millimetre
Poupart France within the dam.
Amberg Switzerland ~ When such drains are included in the dam and in the
Rodriguez Gonzalez Spain foundation, uplift pressure distribution will vary
Gomez Laa (until June 1996) Spain linearly from full reservoir pressure at the upatre
Rubin de Celix (since June 1996) Spain heel to maximum pressure that can occur at drains
Beak (until October 1997) Great Britain line and, from this value, to zero or tailwater thedh
Sandilands (since October 1997) Great Britainthe downstream toe. In any case, uplift pressure at
Stephan (since June 1996) Germany the line of the drains should not be lower tharb0.3
Bettzieche (since June 1998) Germany times the difference between upstream and
Wiberg (since June 1998) Sweden downstream water head plus the tailwater head.
Wagner (since June 1998) Austria

Buttress dam

The rules for buttress dams are determined by the
ratio between buttress centerline spacing and
minimum buttress thickness (or the sum of
thicknesses when the buttresses have internal
cavities). When this ratio is between 2 and 4 along

APPENDIX 1

REGULATORY RULESAND NORMAL

PRACTICE at least, 2/3 of the height, the rules for grad&ms
should be used but uplift has to be determined
considering pressure acting just below the upstream

ITALY :
head of the buttress and assuming a zero value of
Regulations pressure along its downstream bound.

éNhen the ratio is less than 2, the rules for gyavit

Regulatory rules concerning uplift pressures are - ms should be used.

given in the "Dam Regulation” D.P.R. 1 Nov. 1959
n. 1363 (Regulation for the design, constructiod an
operation of dams) and D.M. LL.PP. 24 Mar. 1982
(Technical Rules for the design and construction o
dams)

Multi-arch dams

plift pressures in buttresses are determined using
he same distribution as for gravity dams, but the
extent of loaded area should have a length in

Regulatory Rules For Uplift Pressures In Safety upstream-downstream direction equal to twice the
Assessments thickness of the buttresses.

Hydrostatic pressures have to be taken into account

in the safety evaluation against sliding for gravit Constructive — And  Surveillance  Regulatory

Requirements



Structural and constructive regulatory requirement¥Vhere there is provision for pressure relief thitoug
are provided for galleries and drains. Within thedrains: uplift pressure at the line of the draingym
dam, near the upstream toe and along its wholbe assumed to be reduced to between 0.25 and 0.5 o
length, a gallery has to be included. The galleag h the difference in pressure between the upstream and
to be practicable. It should constitute the uppet e downstream faces.

for the foundation drainage and the lower endlier t

formed drains in the dam body. Buttress Dams

Uplift pressures should be measured during darm general buttress dams are not considered aaisisk
operation. For this purpose piezometers should beuch as gravity dams. Any uplift pressure will be
installed along the dam galleries. A techniquerofte relieved to the sides of each buttress.

followed in dams where piezometers are not

installed is temporarily capping pressure reliefeho ~ Measurement Of Uplift Pressures

and fitting a pressure meter to measure upliftA number of method have been adopted::

Normally these holes would be left with a valve- Dipping vertical standpipes from the gallery or
open to prevent build up of pressure. The valves ar downstream toe, using a dip meter.

closed from time to time enabling the pressure te Piezometers installed in vertical or inclinedeso

build up and be measured. To avoid significantfupli  into the dam or foundations.
forces, only a limited number of relief holes are - Temporarily capping pressure relief holes and
capped, and not concurrently. fitting a pressure meter to measure uplift.

Normally these holes would be left with a valve

open to prevent build up of pressure. The valves
GREAT BRITAIN are closed from time to time enabling the pressure
to build up and be measured.

Regulations
The United Kingdom has no Regulatory rules on
uplift or values of drains. SWEDEN
Normal Practice For Uplift Pressures In Siding Regulations
Assessments There are no regulatory rules in Sweden concerning

The practice is that the Construction Engineewplift pressures under concrete dams. New rules

responsible for the design and construction of theommon to the members of the Swedish Power

dam decides on the degree of relief which he willAssociation are currently being developed.

provide within his design and constructs the

drainage system in accordance with this. The Normal Practice For Uplift Pressures In Siding

operator of the dam is responsible for ensuring tha Assessments

the factors of safety against uplift assumed by th&arious assumptions for uplift pressures ha been

designer are not exceeded. used in the past. Large pressure reduction haeea oft

There have been few concrete dams designed lieen made for drainage systems that have been

Britain in recent years. Discussions with designerslifficult to maintain.

suggest that the practice on those dams which ha®day more of a common practice can be found.

been designed, involve carrying out flow netThe following normal practice is found in guidekne

analysis on the base of the dam using finite elémemdopted by Vattenfall. The assumptions are used for

techniques to determine the uplift pressures andliding and overturning analysis. If design

installing conventional cut-offs and drains. assumptions are verified, reductions in pore
pressures can be made.

Gravity Dams

The assumptions made of the uplift pressures acting Gravity dams

beneath gravity dams depend on whether there I$ no drainage system exists, a linear distributidn

provision for pressure relief through drains. uplift pressures is assumed between the full reserv

Typical assumptions are the following. head (at the dam heel) and the tailwater headéat t

Where there is no provision for drainage, the tplif dam toe).

pressure at the dam heel is assumed to be 0.66-Ifspection galleries, which serve as pressurefrelie

the headwater, and a linear variation is assumed fare often incorporated in gravity dams. If drain&ge

this value to the tailwater head at the dam toe. drilled in such gallery, the uplift pressure at lbot
faces of the gallery may be reduced to 30 % of the



difference between pressures at the upstream hdglearly through the cross section, to the pressure
and downstream toe, added to the downstream heatie downstream side.

The normal drainage holes spacing is 1.5-2 m, anBor gravity dams, full water pressure has to be
the hole diameter is larger than 50 mm. assumed upstream of the neutral axis of the cross
Drains which are drilled from a galley very cloge t section, and from there, decreasing linearly to the
the bottom of the dam may be assumed to reduce tlpgessure on the downstream side.

uplift pressure to 50% of the difference betweenf the dam is constructed with a drainage system,
upstream and downstream heads added to theduced internal water pressure values may be used.
downstream value.

The drainage system must be inspected periodically,

and redrilled if necessary. It is advised that the SPAIN
effectiveness of the drainage system be measured
when installed or redrilled. Regulations

Reduction in uplift pressure due to a grout Curt8in - enera| regulatory rules concerning uplift pressure
normally not accepted. If regrouting of the curtsin 5.6 given in the recent "Technical Regulation for
part of the maintenance plan, uplift pressure M&y bgatety of Dams and Reservoirs”, March 1996, that
reduced by 50% as above. updates the previous "Instructions for the Design,
Construction and Operation of Large Dams", March
1967.
FINLAND In the new Regulation no specific technical
' indications are given (they are left to the
Regulations responsibilities of the dam designer and dam owner)
Finland has no regulatory rules concerning upliftout basic safety criteria are defined to prevert an
which are specific to dams. Reference is made to lanit the potential risk to dams.
Structural Code of Practice which includes a sectio
on external water pressure and pore pressure. Regulatory Rules And Normal Practice For Uplift
Pressures In Safety Assessments
Regulatory Rules For Uplift Pressures In Safety  |n the Regulation the term "uplift" it is not usadd
Assessments it is replaced by the more general term "pore
The Structural Code of Practice requires a lineapressures”.
reduction of uplift pressures from the upstreanefac The effects of pore pressures must be taken into
to the downstream face. account in the safety assessments for the thres typ
The Dam Safety Code of Practice gives minimunof loading conditions (Normal, Abnormal, Extreme).
values for factors of safety against overturning an These loading conditions must be defined by the
sliding. Designer, according to general directions given in
The Code of Practice does permit allowance to béhe Regulation.
made for any drains. Galleries, drains and pressuile the Abnormal Conditions an abnormal increase of
relief wells are used in the construction andthe pore pressures must be considered.
allowance for these in the design is made. In the design the evaluation of pore pressures must
be adequately justified, and corresponding
preventing actions (drains, etc.) have to be adbpte

NORWAY Pore pressures must be measured during dam
operation, and if the measured values are higlaar th
Regulations the design assumptions corrective actions must be
Some rules concerning uplift pressures are given fg@ken-

The current normal practice, derived from the more
detailed technical directions of the 1967 Reguiatio

Regulatory Rules For Uplift Pressures In Safety IS based on flow-net analyses to determine the
Assessments distribution of pore pressures. Considering the

The 1990 Rules require that, wherever it is oflnavoidable  uncertainties that affect —such
importance for the stability of the dam, uplift evaluation, empirical rules are also 'used when
pressures should be taken into consideration. adequate works for t'he reduction of Up|.lft pressure
The uplift pressures may be taken as being equal {grains, grout curtains, etp.) are carried out and
the pressure on the upstream side, decreasiftfcurate measurement devices are used.

gravity dams in the Dam Regulation, 1990.



(toward the abutments) the same assumptions as for
PORTUGAL gravity dams is used.
However, the assumptions on uplift pressures are
Regulations also related to the assumptions on shear strength

General Regulatory rules concerning uplift pressureParameters used in stability calculations.
are given in the "Regulation for the Design of
Dams", n. 846/93, September 1993.

GERMANY

Regulatory Rules For Uplift Pressures In Safety
Assessments Regulations

In safety assessments the effects of pore pressumgsGermany the assessment of dam safety is based
must be considered taking into account the watelipon German DIN standards.

flow through material pores, joints or cracks, Main Federal state laws prescribe the use of these
in the foundation, and the associated actions (mas$andards.

forces, surface forces, volumetric changes). Basic standards for dams are DIN-19700 part 10
In the analysis of the foundations of important 8am (Dam plants — General specifications) and part 11
2D or 3D numerical hydraulic models must be useéDam plants—Dams) and DIN-19702 (Stability of
for the evaluation of the water flow and pressureplid structures in water engineering).

gradients. Mechanical effects of the water must bgy the former GDR the TGL-regulations (TGL-
studied in terms of effective stresses. These ®ffectechnical standards) are still valid during a tiems

are considered using mass forces proportional tgeriod. TGL 21239, part 2: “Dam plants — Dams —
gradients'.. Technical demands for design and construction of
For stability analyses, mass forces can be replacefiavity dams” is the valid regulation for gravity
by surface forces, considering the uplift forcesgams founded on solid rock.

acting on the concrete/foundation interface andn addition, the guideline 242 “Calculation methods
taking into account the effect of the drainageesyst for gravity dams” of the DVWK (German
For gravity dams or thick arch dams, the uplifAssociation for Water Resources and Land
pressures at the drainage line must be about 1/3 ghprovement) describes methods to determine the

the upstream hydrostatic pressure. . permeability of the subsurface rock considering
Limit values for leakage from foundation drains areppen fractures, and the finite element method (FEM)
also given in the Regulation as a method to calculate pore water pressures.

Regulatory Rules On Uplift Pressures In Safety

AUSTRIA Assessments
In stability analyses according to DIN-19700 (part
Regulations 11) uplift and pore water pressure are calculated a
There are no regulatory rules in Austria concerningoad. These loads are combined with “states of
uphf[ pressures under concrete dams. abutment” (State of the subsurface rOCk). The éstat

of abutment” are distinguished by the effectiveness
Normal Practice For Uplift Pressures In Safety ~ of intervention measures (e.g. grout curtain or
Assessments drainage) which are effective in state A, partly
Different assumptions for uplift  pressures effective in state B, and ineffective in state @fey
distribution were used in the past, and standartfctors are reduced form A to C.

approaches cannot be identified. According to DIN-19702, uplift and pore water
Nevertheless, as time passed, certain commapressure forces can be determined by:
practice appeared. simple assumptions, for example linear reduction

For gravity dams a triangular distribution of uplif along the base.

pressures is generally assumed, with 85% of th#ow-net analysis, if ground water flow is influest
water head at the upstream heel, linearly decrgasi®y special constructions.

to zero (or tailwater head) at the downstream toe. If @ crack opens in a gravity dam, full hydrostatic
For arch dams, uplift pressures decreasing linearNyater pressure (uplift) is assumed over the area of
from 25% of water head (upstream heel) to zerdhe crack. The pore water pressure may be assumed
(downstream toe) are often assumed under thH® decrease linearly to zero from the end of tlaekr
highest dam sections. Under lower dam sectiont the downstream toe of the dam.



In mass concrete and masonry dams, a crack maye geology of the site, and more accurately the
not be longer than half of the cross section. Irsizes and the importance of faults are taken into
masonry dams horizontal cracks on the upstreamccount to design the spacing and the tilting ef th

side are allowed only for extreme load cases (e.glrainage boreholes. The grout curtain is also taken

earthquakes). into account.
In practice, increased water pressure within cra&ks The seepage path and the uplift depend on the
not used with seismic loads. location of grout and drainage curtains. It is not

According to TGI 21239 uplift and pore water considered a good practice to have a drainage

pressure can be reduced if grout curtain or dranagcurtain as deep as the grout curtain because of the

system, or both, are provided. “States of abutmentfeduction of the seepage path and the increadeeof t

are not used. hydraulic gradients. The distance between drainage

The hydraulic gradient between upstream toe, grownd grout curtain and the depth are designed to

curtain and drainage must not be larger than 10.  comply with these constraints.

1 m is recommended as the minimum distanc®uring the dam construction, and particularly dgrin

between drain holes. the excavation works, the improved knowledge of

The minimum size of drains is 200 mm diameter. the rock quality may lead to adaptation of the
drainage design in order to enhance performance

Measurement Of Uplift Pressures (reducing uplifts as much as possible).

If the stability analyses are based on the presehce A good practice is to keep a sufficient space betwe

a grout curtain and/or drainage systems, theitwo holes to have the opportunity to bore additiona

effectiveness has to be continuously monitored byoles.

means of appropriate measuring devices. The

amount of seepage has also to be monitored

continuously. SWITZERLAND
Regulations
FRANCE There are no regulatory rules concerning uplift
pressures in Swiss Regulation.
Regulations
There are no regulatory rules concerning uplift ' '
pressures in French Regulation. Normal Practice For Uplift Pressures In Safety
Assessments
Normal Practice For Uplift Pressures In Safety  Uplift pressures are usually taken into account for
Assessments the stability assessment and the safety assessmen

For dams without drains, a linear distribution ofagainst sliding for gravity dams.

uplift pressures is used (from full reservoir head The distribution of uplift pressures along the base
tailwater head). section is assumed to vary linearly from full
When drains are installed, the uplift pressures areeservoir pressure at the upstream heel to zero or
normally assumed between 50% and 66% of théailwater head at the downstream toe.

difference between upstream and downstream wat&vhere a properly functioning drainage system

head plus the downstream water head. exists, the pressure relief is taken into accouynt b
The uplift pressures are usually measured byeducing the uplift pressures at the upstream heel.
piezometers to verify the design assumptions. The reduction factors currently varies between 0.75

The design of drainage system is achieved witland 0.8.
standard practice commonly adopted, described in
the CIGB bulletin n. 88.
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Fig. 1 — Normalised uplift profiles (Ref. 2)
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