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Abstract

The significant advances in masonry dam designttiokt place in the second half of the 19th
century are analyzed and discussed within the gbwtethe historical development of dam
construction. Particular reference is made to ttevity dam profiles proposed by Sazilly,
Delocre and Rankine, who pioneered the applicatfoengineering concepts to dam design,
basing the dam profile on the allowable stressethioconditions of empty and full reservoir.
These historical profiles are analyzed taking icwosideration the present safety assessment
procedures, by means of a numerical applicatioreld@ed for this purpose, based on limit
analysis equilibrium methods, which considers thdirgy failure mechanisms, the most
critical for these structures. The study underlitiess key role of uplift pressures, which was

only addressed by Lévy after the accident of Boumkeyn, and provides a critical
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understanding of the original design concepts, wigessential for the rehabilitation of these
historical structures.
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1. Introduction
During the second half of the 19th century, witthe framework of a more comprehensive
social and cultural movement, the first scientiftorks about dam design were published.
These works adopted a novel approach as they a&dinitir the first time, that this activity
had technical and scientific nature, besides taditional empirical character (Smith 1971).
Special reference must be made to the theoretioéilgs proposed by Sazilly (1853), Delocre
(1866) and Rankine (1881, first publication in 1872 cause these directly influenced the
construction of a large number of dams, many oicWlare still in operation. The fact that the
uplift effect was still unknown at the time, anetbfore was disregarded in the design, is the
main weakness of these structures, which hasipgtifie need for various rehabilitation and
strengthening interventions.
In the rehabilitation of existing structures it valuable to know the assumptions of the
original designs, as safety becomes easier and relgble to assess. In the present work, the
fundamental concepts behind the historical profiegdams are analyzed, within the context
of the developments in scientific and engineeringvidedge. A key failure mechanism in
gravity dams, either built of masonry or concrateplves sliding on horizontal planes, which
may include joints in the foundation rock mass,dhen foundation surface, masonry joints or
concrete lift joints. At present, the rules to penf this global stability analysis, including the
water pressure diagram to be assumed along thedalrface, are essentially common to the

main design codes (e.g. Ebeling et al. 2000; Rud§4). These procedures were applied in
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the stability analysis of the three historical jdesf referred above, with the aim of evaluating
the most likely failure scenarios and charactegzime global behavior of these structures. A
numerical application was developed for this puepdsased on limit analysis equilibrium
methods, which are typically employed in this tygfeassessment (e.g. Leclerc, Léger, and
Tinawi 2003).

A brief historical background is presented hereyecimg the development of dam
construction, especially, of the masonry gravitgndauilt in Europe. Reference is also made
to the transition from straight to arch dams, amodnf masonry to concrete dams, as well as to
the evolution in analysis methods, integrating thato the design and construction of the
most important masonry and concrete dams of thegeander analysis.

2. Historical background

Roman dams

The need to store water, in particular in dry areeas probably the main reason for the
construction of the first dams, which consiste@afth structures built in 3000 B.C., in Jawa,
present Jordan, the highest being 4m high and pavilength of 80m (Figure 1a). These are
considered to be the oldest known dams. Moreovem famong the oldest ones, the tallest,
known as Sadd-el-Kafara (Figure 1b) and locatedecto Cairo, was built by the Egyptians in
2600 B.C., in accordance with the same construgirooedure, and was 14m high and 113m
long (Jackson 1997). In Europe, particularly in therian Peninsula, the oldest dams
remaining are Roman. The management skills of Remasasociated with the technique
inherited from Egyptians, (Quintela, Cardoso, anaksbarenhas 1987) left relevant examples
of 20 large dams built (Laa 1993), out of aboutd@@umented dams (Schnitter 1994). An
important contribution by the Romans was the usayalraulic lime, apart from traditional

materials, such as earth and rock.
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The most common structural typologies were gradiayns with trapezoidal cross-sections,
buttress reinforced gravity dams or dams integgatimultiple solutions, such as masonry
walls reinforced with embankment slopes.

It is assumed that the oldest Roman dam in thdalbbgyeninsula, probably built in thé®2
century, is the Alcantarilla dam (Figure 1c) (H=17b¥557mY, located at 20km from
Toledo. The dam presented a cross-section integratio external stone masonry walls and
its interior was filled by backfill material. In ¢hdownstream side, a slope was created to
withstand the hydrostatic pressure (Jansen 1980 dam is presently in ruins. By
observation of the relative position of the ruilbgated upstream of the original construction
site, it is possible to conclude that the failuraswlikely to have occurred due to the
downstream slope, probably during a sudden emptyfinige reservoir (Jansen 1980).

Also around the % century, the Proserpina dam was built (Figure (H522m, L=426m),
close to Mérida. The characteristics are similath®ones in the Alcantarilla dam, except for
the fact that the latter presents a group of nurdésses, close to the upstream face, which
support the thrust of the downstream slope, in thsereservoir needs to be emptied. The
dam maintains its original function, which is topply water to the city of Mérida (Jansen
1980).

Cornalbo dam (Figure 1e) (H=24m, L=220m), which wesbably built in the same period as
the Proserpina one. In terms of design, it is simib a fill dam, with a masonry core and a
slope in each face. The slope of the upstream asethe particularity of consisting of 3
masonry walls, parallel to the dam, and other trarsal ones, forming cells filled by backfill
and masonry cover. This dam is still in operatidid 1993). Cornalbo dam has been

considered the tallest Roman dam located outsiddt#ian territory (Schnitter 1994), but

! Where appropriate, the maximum height (H) ancctiest length (L) are indicated next to the namthefdam.
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other authors refer to Almonacid de la Cuba Darthadallest Roman dam, with 34m (Parra
et al. 1995).

In Portugal, Olisipo dam (H=8m, L=64m) (Figure 14)the tallest known Roman buttress
danf. That dam was built over Carenque river, locate@élas, probably in the 3rd century
and was the starting point of an aqueduct to Qigigsbon). It had a storage volume of
110x103m:3 and occupied a floodable area of 4.®vaa reservoir with a perimeter of 1.9km.
The dam ceased operation at the time of construetiddguas Livres Aqueducin the 17"
century, when it was partially destroyed closehe tight bank, where a structure was built
with a shaft to inspect the channel of the newcstme (Almeida 1969).

An arch dam, 40m high and built according to Nerdecision in the 3 century for
recreational purposes, together with other two dimmaing part of Vila Subiaco close to the
Aniene river, must also be mentioned. These damghmught to be the only ones built by
Romans in their own territory. They were used fantev supply to Rome, through an
aqueduct with construction initiated by Caligul® (8.C.) and was afterwards completed by
Claudius (50 A.C.) (Smith 1971).

Developments until the 19th Century

After the end of the Roman empire, the structuesigh and the construction methods used in
the dams, almost invariably followed the modelsenited from the Romans, particularly in
the south of Europe, which were mostly masonry daos the contrary, in the north of
Europe, fill dams were usually built.

Taking Spain as an examplentil the 15 century, during and after the Arab period, theyonl
relevant aspect was the construction of a largebeumof weirs. These dams, of small size and

having an overflow cross-section to raise the levela river or stream, were used for

2 |n Spain, Esparragalejo and Araya buttress damspentively are 5.5m and 4.0m high (Lad 1993).
Esparragalejo dam is an arch dam, which is butteeforced.

% Spain is probably the country in which the highesmber of masonry dams was built throughout hystor
making a landmark in the development of dams (Vddg81). Presently, it has 158 large masonry dams in
operation.
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temporarily retaining water, just for the time nexary to ensure the partial diversion of the
water or for irrigation purposes. These downstraaetions also ensured energy dissipation
in case of flood (Schnitter 1994). As theé™dentury was a period of economic decline, the
main dams were built from private initiative. Thraeh dams must be stressed, namely, Tibi
dam (Figure 1g) (H=46m, L=65m) with a radius of 97aiche dam (Figure 1h) (H=23m,
L=95m) with a radius of 62m and Relleu dam (FigLe(H=29m, H=34m) with a radius of
60m. In the 18 and 19 centuries, the economic development and a faverddal
framework for the management of water resourcestdethe construction of new dams.
Nevertheless, the prevailing structural scheme veaged on trapezoidal cross-sections with a
large volume, following the Roman tradition, despihe tendency for reduction of cross-
sections (Laa 1993).

In other European regions, water was also incrghsinsed, particularly for producing
mechanical energy for mining, namely in the explin and treatment of ore. Apart from
this purpose, other economic activities justifib@ tonstruction of dams, namely: fishing,
irrigation for farming, irrigation for gardening drior fountains, water supplying, and canals
for boat transportation of goods. Mention must edenalso to the fact that water was not
retained close to the water line, but was ratheertid through canals to more adequate sites.
This was also intended to reduce the flood consempsein case of mechanical energy
production (Schnitter 1994).

Developments in the second half of the 19" century

In 1853, J. Augustin Tortene de Sazilly publishednnales des Ponts et Chassteswork
“Note sur un type de profil d’égale résistance psep pour les murs de réservoirs d’&3u

which was considered to be the first scientifictoent in this field. Many other works had

“ “Note on a section of equal resistance proposethiowalls of water reservoirs”.
® Reference must also be made to Simon Stevin's (/@& Beghunselem des Waterwi¢htpublished in 1586,
about the hydrostatic pressure on a wall and tom&érForest de Belidor's workAfchitecture Hydraulique),

6
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already been published, but these were no more rib@ords of the construction solutions
used or devised at the time, without mentioning seigntific design criteria (Smith 1971).
According to Sazilly, the cross-section of the dshould be designed so as to avoid the
failure by excessive compressive stress and binglidoth scenarios should be observed at
the contact between the dam and foundation, but aleng the body of the dam. Also
according to Sazilly, the sliding scenario had méneen observed in any previous failure, so
design of the cross-section should just take imwoant only the first criterion, while the
sliding scenario should be verified afterwards.abtordance with Sazilly’s reference, the
proposed stress analysis was based on M. Méry’g®wabout the stability of arches, which
was disclosed by M. Bélanger in the Cours de MépaniAppliquée (Course of Applied
Mechanics) delivered at L’Ecole Nationale des PagitsChaussées (National School of
Bridges and Roads), France.

By characterizing the two extreme load scenariasn avith empty and with full reservoir,
Sazilly established a limit value for the maximuertical stresses installed on the upstream
and downstream faces, in any possible horizontalgbf the body of the dam and at its base.
Since the limit stress is equal for both casesistifies the adopted designation of “profile of
equal resistance” (Wegmann 189%azilly formulated the differential equations ttiadlow

to solve the problem in mathematical terms, whietdanotefias “theoretical profile”, but he
was unable to perform their integration. Thus, heppsed a “practical profile”, achieved by
the discretization of the body of the dam into honital slices, which led to the creation of a

stepped profile.

published in 1750, about the resistance to collapsewall with a rectangular cross-section undber dction of
water on one of its faces.

®In 1826, Louis Navier published his first studimut the analysis of stresses and the modulusstiity.

" Author and date of publication of the book entitlfhe design and construction of dams”, which addes
design criteria and presents case studies.

® The terms “theoretical section” and “practical t&&® are included in Sazilly’s studies and are igd by
other authors in subsequent documents.
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Figure 2 shows this profile, in the version develdfpy Wegmann (1899) based on Sazilly’s
formulation, for a height of 50m and a limit stresk 6kgf/cm2 (0.59MPa). The section
included in the original Sazilly's work has a heigsf just 30m. He also envisaged the
possibility of approximating the curve using reoglar sections, but he considered that the
intersection points would be weak points, as welpassible points of accumulation of dirt
and vegetation and would introduce additional aoesibn complexity (Sazilly 1853).

The evaluation of the sliding resistance shoulddbee after the definition of the practical
profile. Whenever sliding was possible in the boflyhe dam, the profile could be altered, in
particular by increasing the crest thickness.itfisfj occurred at the base, a downstream wall

could be adopted to counteract that movement.

The first project to be developed according toghaciples proposed by Sazilly was Furens
dam (H=50m, L=200m). In 1858, A. Graeff and F. Eridelocre initiated the process of
selection of the site and subsequently the dedigileodam that would be, for about 10 years,
the largest in the world. Located in the vicinitiy Rochetaillée, close to Saint Etienne, in
France, the construction of the dam began in 18&Dthe first filling took place in 1866
(Hager and Gisonni 2007).

In the stage of design, Delocre initially used tpeactical section” proposed by Sazilly,
changing the configuration of the faces to a pohai@rofile (Figure 3). When comparing the
two hypotheses, he concluded that there were nofis@nt differences in the safety factors
and the solution found allowed to save in mate@ally in 1866, after completion of the dam,
Delocre disclosed his work ilinnales des Ponts et Chasségted “Mémoire sur la forme du

profil & adopter pour les grands barrages en magaiende réservolr’. Indeed, Furens dam

° “Report on the profile shape to be adopted faydanasonry reservoir dams”

8
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is an important landmark in dam design, particylaml Francé®, where 47 gravity masonry
dams were built before 1866.

Another fundamental contribution was given by Snikae in 1872, with the publication of
an article inThe Engineerwith the title ‘Report on the design and construction of masonry
dams. In this article, Rankine confirms the validity the former works by Sazilly’'s and
Delocre’s (Wegmann 1899). The sole difference &iasif the use of different limit stress
values for extreme load cases. Since the limisstig a vertical stress, the use of a lower limit
stress for the downstream face is proposed, bed¢hadarger angle with the vertical leads to
a higher principal stress when compared with thstrepm face. Since no mathematical
formulation was used for defining these limits,tjbg taking into account the observation of
existing works, Rankine suggested the limit of §/8kn2 (0.96MPa), for upstream, and
7.6kg/cm? (0.75MPa), for downstream (Rankine 1881).

Rankine introduced the principle, that even thomgh opposed to the basic principles of
Sazilly's method of the “profile of equal strengt§ more comprehensive, which is defines
the important requirement of avoiding the occureen€ tensile stresses in any point of the
dam. This determines that the static resultantghéniorizontal section should remain within
the central third of the corresponding sectfoithe practical section he proposes is based on
the adoption of curved walls with a logarithmic figaration (Figure 4).

Apart from describing the state of the art in damsign, Rankine made also some
considerations about the quality of the foundatiansparticular requiring the selection of
sound or slightly weathered rock masses for thedations. He also stressed the importance
of the construction technique, requiring to fillide with stones with hydraulic lime acting

only as aggregation element and avoiding using kionéll large voids. In the calculations

% 1n France, there are 56 masonry dams in operafibe.oldest one is Saint Ferréol dam, 35m higH} bui
1672, with a typology similar to Roman dams, imtsrof volume and of the combined use of masonryeanth
walls (Royet et al. 1993).

1 Such criterion also implicitly prevents the fa#éusy an overturning scenario.

9
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presented, the vertical component of the hydrastatessure due to the inclination in the
upstream face is neglected (Rankine 1881).

None of the works mentioned explicitly considerbd existence of uplift water pressures,
situation that was probably altered with the aatide Bouzey dam (Figure 1j) (H=23m,
L=525m), which collapsed in 1895, as a result eféffect of uplift, having caused 85 victims
(Smith 1971). The book “High Masonry Dams” by JHEcMaster, published in 1876,
previous to the accident of Bouzey dam, does rikat tlae uplift in consideration, but the book
“Engineering for Masonry Dams” by W.P. Crager, psinéd in 1917, after the accident,
considers all relevant loads, uplift included. Tdecident had a great impact among dam
designers, who assumed subsequently that all tlcesgary criteria for designing safe
structures were completely defined (Smith 1971).

As a result of this accident, still in 1895M. Lévy published by thAcadémie des Sciences
an article entitled Quelques considérations sur la construction de dsabarrage%™ (1895),

in which he states that the compressive stressach point of the upstream face must be
equal or higher than the water pressure at thistplm fact, apart from the stability problems
of the section, cracks may occur by other processgsh as thermal loads, and this new
criterion was defined to take this into account. ésesult, a triangular uplift diagram, or
trapezoidal, depending on the downstream watel,|lexss to be adopted for any horizontal
section of the dam, including the plane of contstiveen the dam and the foundation. The
use of the triangular uplift diagram proposed byy.@as been current practice since then,
but, in the presence of a drainage system, thdt giigram is reduced, assuming a bi-linear
configuration, as discussed below.

Before these events, in 1882, the Vyrnwy dam wasgded (Figure 1k) (H=40m, L=412m),

near Liverpool, in England (Smith 1971). This daswthe first to have a drainage system at

12 The accident occurred in April 1895 and Lévy'sdetis dated from August of the same year.
13“5ome considerations on the construction of |atges”.

10
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the foundation, which consisted of 26 drains (Wegm&899) with dimensions 0.23x0.30m,
connected to vertical shafts and to a horizontégawith an outlet in the downstream face
(Schnitter 1994). These drains were designed yaivksley and G. Deacon, the latter being
responsible for conceiving the system and for supieig the entire work (Davidson 1997).

A reference must be made also to Germany, whergtgm@ams are mainly associated to O.
Intze. In 1891, Intze completed the constructionEgsthenbach dam (H=24m, L=412m),
designed in accordance with a profile that is kn@sr‘Intze” type. The dam consisted of a
gravity masonry structure, with small curvaturepiant and without vertical joints, with a
masonry upstream face under a waterproofing ldyespite lacking a drainage gallery, the
dam had vertical drain% A distinguishing element is a wedge-like slopeselto its upstream
heel, which is present until mid-height of the dath the purpose of waterproofing. The
beginning of the 2D century in Germany was characterized by a streog@mic growth that
encouraged the construction of dams, with nine daeusgurated in between 1913 and 1914.
Germany” has a total of 41 masonry dams in operation, éstit the mountainous regions of
North Rhine-Westphalia and of Saxony, which wefeienced by Intze (Rissler 1993).

It is noted that Rankine also addressed the isktheean plan dam shape. Despite assuming a
favorable effect of an arched shape, he did nat &ny theoretical justification for its use.
This was possibly one of the main reasons for tbla dam (Figure 1l) (H=42m, L=66m)
having remained almost unknown (Chanson and Ja6@®)2The dam, completed in 1884
after the death of its designer (F. Zola), haslmagcal configuration, with a constant radius,
for which it was possible to calculate the stressesed on the formulation developed in 1826

by Louis Navier (Jackson 1997). The dam presentsss-section with variable thickness,

*Intze did not consider the uplift as a load in design.

!> Germany is an excellent case study for dam reitetinh, due to the publication of standard DIN @97in
the 1980s. This standard provided more severeysedetditions, in particular for masonry dams of theze”
type, as initial design did not include the uglifad. This led to various interventions, rangingnfirthe reduction
of the operation level and the adjustment of sp@ijlerto thorough interventions, such as adding gitodinal
drainage gallery close to the base or the apptinatif pre-stress in the crest (Bettzieche, Deuwtcl, Heitfuss
2004).

181t was, until 1887, the tallest arch dam in theldio

11
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which increases towards the foundation where thdrdsgatic pressure is higher (Billington,
Jackson, and Melosi 2005). Parramatta dam (H=12l580m), in Australia, designed in
1851 by P. Simpson, E. Moriarty and W. Randle, famdhed in 1856, was probably built as
a result of the studies done by Zola (Chanson anaed 2002). Also as a result, the work
produced in 1879 by A. Pelletreau, suggested auledion method based on the concept of
constant angle and allowing a variation in the uadvith the increase in the cross-section
towards the base. This led to the Salmon Creek (gore 1m) (H=51m; L=195m) built in
1915, in Alaska, by Lars Jorgensen (Jackson 198iterwards, the double curvature
configuration was proposed, which was the mostiefiit and the most demanding in terms of
design (Chanson and James 2002).

Developments in the 20 century

Similarly to other civil engineering fields, the ridgyuration of dams evolved towards more
slender and sophisticated cross-sections, leddopéled to reduce costs and made possible by
the increasing knowledge of structural mechanias the diffusion of concrete as a building
material. Buttress dams were developed, initiallhva cross-section of the hollow gravity
type, reinforced with buttresses, and subsequéntlyssuming a clear distinction between the
element responsible for retaining water (panel) #mel one with a structural function
(buttress). The design of arch dams required mdwvareced methods of stress analysis. In this
context, special reference must be made to G. Wssaad E. Wheeler’s contributions, who,
by request of th&®eclamation Servigenitiated in 1905 studies to better understaredittad
distribution on arch dams. For this purpose, thmghors devised a set of arches adjusted to
the dam under design combined with a central ewdil Using an iterative process that
forces compatibility of displacements of the archibey determined the load distribution
across the various sections. This lead to the osrart that at higher elevations, the behavior

of the arch was decisive, whereas close to theoimothe cantilever effect prevailed. Such

12
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method was employed in the design of Pathfinder daigure 1n) (H=65m, L= 132m),
Wyoming, USA, which was completed in 1909. In 1929Howell and A. Jaquith, both from
the Bureau of Reclamatiomf Denver, formalized this calculation method gswarious
arches and cantilevers, developed through scattenetibutions, as thé@rial-Load Method
This is in opposition to a model with just one daner, which had been current practice until
then. The development of the finite element metmayided the ideal tool for stress analysis
of concrete dams, which were, in fact, one of thestmimportant civil engineering
applications of the method in the early 1960’sdascribed by Clough and Wilson (1999).
Seismic action on dams has been considered, nstaafjproximation, as a static inertial load.
This simplified assumption is still used in thedstwf the global sliding stability of gravity
dams, with the hydrodynamic effect of the reservepresented by the classical Westergaard
(1933) concept of the water added-mass. The asatyshe dynamic structural response of
dams, particularly important for arch dams, wasyonlade widely available with the

development of the finite element method.

The trend towards more complex forms of concretaesdhas been reversed in recent decades,
as roller-compacted concrete (RCC) dams became madespread, reflecting the
predominant cost of the construction process olerdost of the materials. Gravity dam
design remains therefore a theme of interest in elagmeering.

During the late 19 century and the early $0century the scientific basis necessary for
modern gravity dam design was established. The raations, such as self weight and
hydrostatic pressure, but also uplift, were famhgll studied in this period. Nevertheless,

aspects such as foundation strength, long term vibmhaf materials, permeability or

13
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earthquakes received less attention, eventuallyifieh with experience and later
developments in science and technology.

Global stability analysis remains an indispensaidenponent in the safety evaluation of
gravity dams, considering the possibility of vagosliding mechanisms, which may take
place along the foundation surface or involve rfhts (e.g. Rocha 1978). The accident of
the Malpasset arch dam in 1957 stressed the impataf the hydromechanical behavior of
rock foundations (Londe 1987). Knowledge on isssigsh as the effectiveness of the grout
curtain and drainage systems progressed with extefisld monitoring (Casagrande 1961).
These data provide the means to validate and astibnumerical models of seepage
problems, which were already developed in the eddys (Serafim 1968). For stability
analysis of gravity dams, the diagram of uplift @apressure along the sliding surface is a
decisive factor. In the absence of drainage, agtitar or trapezoidal diagram needs to be
considered (Figure 5a). When drains are presergdaction of the water pressure can be
considered at the drain location, leading to anbdr diagram (Figure 5b). It is a common
design assumption to adopt a reduction factor 8f (Reclerc, Léger, and Tinawi 2003).
However, the possible development of upstream argcknay allow the full reservoir
pressure along the crack. Current design codesidadhe rules for these analyses and a
comparison of criteria of three American regulatagencies may be found in Ebeling et al.
(2000), while the practice in various countriediscussed in Ruggeri (2004)

Finally, the historical information presented aborge summarized in Figure 6, which
systematizes the important scientific contributiamsl co-relates them with the main dams
built.

3. Analysis of the stability of the historical profiles of Sazilly, Delocre and Rankine

A method of limit analysis was adopted for grawdgms based on the calculation of the static

resultant, from the free body diagram of the daongss various horizontal planes, which are

14
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assumed to be potential failure planes. The faiboenarios analyzed for each plane are the
sliding and the overturnifi§ The possibility of formation and evolution of mck at the base

is also evaluated, according to no-tension prieciplhe numerical application developed is
presented in detail in Annex A.

For each cross-section geometry, the results pre$dmelow were obtained assuming a

density of masonry and water ¢f"* =20kN /n? and y*° =10kN /n?, respectively, and

considering both horizontal and vertical componesfthiydrostatic pressure. The reservoir
water level coincides with the maximum height oé ttlam, except in the analysis of the
Delocre profile for which a reservoir water levél5®m was adopted. A downstream water
level equal to zero and the absence of drainageemysvere considered, leading to a
triangular uplift diagram for all cases. The slglisafety factors were calculated assuming a
friction angle of 45°. The results obtained are:
— Thrust lines corresponding to the action of se#ight and to the action of self
weight plus hydrostatic pressure;
— Stress diagram and safety factors regardingréa#i the base of the dam, given by
the global analysis;
— Safety factors for horizontal planes within tloel of the dam;
— Parametric analysis of the effect of the volumetreight and of the friction angle
on failure, at the base of the dam;
— Crack evolution at the base of the dam.
Profile proposed by Sazilly in 1853
Figure 7 presents the thrust lines due to the mdiself weight (SW) and to the action of self

weight and hydrostatic pressure (SW+HP), which mreagreement with the original

" Actually, the overturning does not occur in arlased way, because once the process begins, & keathe
crushing of material close to the downstream tothefdam, accompanied by sliding of the structlmagthat
plane (Leclerc, Léger, and Tinawi 2003).
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calculation of the author. The thrust line for ttese of self weight and hydrostatic pressure
presents small discontinuity points due to the igppbn of the vertical component of
hydrostatic pressure on the horizontal planes@ftthps forming the upstream face.

Table 1 includes the total and effective vertidaésses at the base, due to the action of self
weight and to the action of self weight plus hydatis pressure. It is observed that they
comply with the limit of -6kgf/cm? (-0.59MPa), wlhicis the criterion that served for the
definition of the section. As a result of the upld tensile stress, corresponding to +0.10MPa,
is installed close to the upstream heel of the daatle 2 presents the safety factors for
sliding and overturning, with and without uplifgrfthe action of self weight with hydrostatic
pressure. It may be observed that, as a resulieotiplift, the safety criterion (SF>1) is not
met for the sliding scenario (SSF=0.94).

The sliding safety factors were also analyzed (fe@) for horizontal planes along the height
of the dam. It may be concluded that the less ferplane is not at the base, but rather is
the plane coinciding with the end of the verticat¢tson of the upstream face, 23m above the
base (SSF=0.65). Figure 9 presents the slidingysédetors, which were obtained by the
parametric analysis of volumetric weight of the ddar a friction angle of 45°. The safety
criterion is only achieved (SF>1), as regards tiding scenario, for a volumetric weight
higher than 20.75kN/m3. A similar analysis was déorethe friction angle (Figure 10), for a
volumetric weight of 20kN/m3. In this case, theetgfscenario is only achieved (SF>1) for a
friction angle higher than 46.75°.

As previously mentioned, the uplift pressure cawstnsile stress close to the upstream heel
of the dam, being responsible for the formationaaofinitial crack depth of 7.9m at that
location. Assuming a no-tension criteria, a newildgium state was established, with an
extended crack length of 11.3m long, i.e., 22%heflase (Table 3). If full uplift is installed

on that cracked section, the profile is not stable.
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Profile proposed by Delocre in 1866

Figure 11 presents the thrust lines referring edttion of self weight (SW) and to the action
of self weight with hydrostatic pressure (SW+HP)ichhare in agreement with the original
calculation of the author. The thrust line for seléight with hydrostatic pressure also
presents discontinuity points, close to the bases tb the application of the vertical
component of hydrostatic pressure on the horizgritales of the steps forming the upstream
face in that zone. Table 1 shows the total andc&¥e vertical stresses at the base for the two
load scenarios, SW and SW+HP. For the case SWHitPcdlculated stresses are a little
higher than the limit stress defined in the origimaject (-0.59MPa), presenting the value of
-0.66MPa at the upstream heel of the dam. Due {dt,up tensile stress is installed,
corresponding to +0.09MPa, close to the upstreael. Aable 2 presents the sliding and
overturning safety factors, with and without upliibr the two load cases. Due to uplift, the
sliding safety factor is slightly lower than 1 (S&F99).

The analysis of safety factors within the bodyla# lam was made (Figure 8) and indicates
that the less favorable plane corresponds to tke bhthe dam. Figure 9 presents the sliding
safety factors, which were obtained by the paramatralysis of the volumetric weight of the
dam, for a friction angle of 45°. The sliding sgfetiterion is only achieved (SF>1) for a
volumetric weight higher than 20.25kN/m3. A simitaralysis was done for the friction angle
(Figure 10), for a volumetric weight of 20kN/m3. time latter case, the safety scenario is only
met (SF>1) for a friction angle higher than 45.25°.

As regards cracking, and similarly to the Sazillpofile, the initial crack depth is 6.7m,
while the final one extends to 9.2m (19% of theckeal base) (Table 3).

Profile proposed by Rankine in1872

Figure 12 shows the thrust lines produced by thieraof self weight (SW) and the action of

the self weight with hydrostatic pressure (SW+H®R)Y. the thrust line due to the action of self
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weight, there is an agreement with the originatwaltion of the author, whereas the thrust
line for self weight with hydrostatic pressure diff from the original one because Rankine
disregarded the vertical component of the hydrimspaiessure.

The total and effective vertical stresses at theehaere computed (Table 1), for both load
cases, SW and SW+HP. It may be observed that ttweaply with the limits of -9.8kgf/cm?
(-0.96MPa), for upstream, and of -7.6 kgf/cm? (8MPa), for downstream, which were
defined in the original work. However, a tensile@as detected, for self weight only, close to
the downstream toe, with a value of +0.06MPa amdijegly to the other analyzed profiles, a
tensile zone is also installed, due to uplift, watlvalue of +0.08MPa, close to the upstream
heel. Table 2 presents the sliding and overtursiafgty factors, with and without uplift, for
the action of self weight with hydrostatic pressutds observed that, due to the uplift, the
safety criterion (SF>1) is not reached for theistidscenario (SSF=0.67). This factor is
worsened by Rankine’s option of increasing the lwddbe dam, with a view to decrease the
stress on the upstream face, thus enlarging tfi@csusubject to uplift action.

The analysis of the sliding safety factors (Fig8yeghroughout the body of the dam leads to
the conclusion that the less favorable plane cpomds to the base of the dam. Figure 9
presents the sliding safety factors, obtained kg ghrametric analysis of the volumetric
weight of the dam, for a friction angle of 45°. T¢&dety criterion is only achieved (SF>1) for
a volumetric weight higher than 24.25/m3. A simitaralysis was done with respect to the
friction angle (Figure 10), for a volumetric weigbt 20kN/m3. In this case, the safety
criterion is only achieved (SF>1) for a frictiongh® higher than 56.25°.

The section presents an initial crack depth atbése of 8.2m and a final crack of 11.8m
(22% of the cracked area) (Table 3).

4. Discussion
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The contributions of Sazilly, Delocre, Rankine arfidpther 18' century engineers allowed the
design of gravity dams to be rooted on a scientifasis. This approach followed the
developments in the discipline of Strength of Mialer after a long period of empirical
practices. The three profiles that have been aadlyiz this paper reflect the main concern at
that time, which was to avoid compressive failurenasonry. The role of pore-pressure was
neglected until the accident of Bouzey dam browgt#ntion to its relevance, leading to the
work of Lévy and others. Drainage was recognizedsaential for the safety of gravity dams
and was contemplated in new dam designs. The axedssgth of the dam base, as proposed
in the 19" century, increases the uplift force on the dam mtlices the safety factor with
respect to sliding, which is usually the most catifailure mode in gravity dams. This failure
scenario may involve sub-horizontal rock jointssaillow depth or the dam-foundation
interface (e.g. Rocha 1978), as well as jointshim masonry body or lift joints in concrete
dams (e.g. Léger et al. 1997). The assessment fefy saith respect to sliding may be
performed by straightforward static calculationscls as the application presented in this
paper. The uplift pressure diagrams presently eyeploand prescribed in design codes, were
devised after monitoring data of water pressuregaim foundation became available, mainly
with the dam construction programs of the 1930s #940s, as reported in Casagrande’s
influential Rankine lecture of 1961. Performing te@me type of analysis for a standard
modern gravity dam with a height to base ratio :6£8, assuming the same properties, leads
to sliding safety factors of 1.62 without upliftgasure and 0.83 with the triangular uplift
diagram. Therefore the consideration of full uplifagram, resulting from the absence or
ineffectiveness of drainage, is a very penalizingnsrio. Traditional construction practice
always stressed the importance of achieving a gmodact along the foundation surface,
relying on rough, stepped or inclined profiles to\pde the friction required to keep many of

these old structures in safe operation. It shoeladited that, after centuries of successful use,
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the gravity dam remains a competitive option fowrgams, nowadays mainly through the

new roller-compacted concrete technology.

Safety assessment and rehabilitation of old masdamgs is presently under way in several
countries. The understanding of the original desageumptions is essential for a correct
intervention. Often, internal water pressures anthflation uplift pressures are the key issue.
Improvement of drainage is usually required, eitimthe dam body, the foundation rock

mass or in both. Various options are also availabieduce the permeability of masonry and
the foundation rock, or to make the upstream dara fenpervious (e.g. Bettzieche, Deutch,

and Heitfuss 2004; Royet et al. 1993; Wittke, Sderg and Polczyk 2003; Sagrado and
Hernandez 2001; Hortelano 2004).

5. Concluding remarks

A study has been presented of three historicailpsoproposed for masonry dams in th&'19
century, which had a profound effect on the evolutof dam design. These profiles were
based mostly on a compressive strength criterimeesthe role of uplift pressures and the
importance of failure mechanisms involving slidiog horizontal planes were only fully
recognized at a later date, leading to change®$mgd geometry and the implementation of
drainage systems. Rehabilitation of these old &iras, many still in use, requires a good
understanding of the original assumptions. Theyaimlbf the historical profiles was carried
out with an application based on limit equilibriwoncepts, which is capable of assessing the

more common failure modes, and provides a veryftiedpol for rehabilitation studies.
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Annex A — Numerical application for global stability analysis of gravity dam profiles

Initial assumptions

The loads involved in the limit analysis (Figure) Hse as follows: self weightV ; upstream

horizontal hydrostatic pressureHR,,); upstream vertical hydrostatic pressurklF,);

downstream horizontal hydrostatic pressurklR(,); downstream vertical hydrostatic
pressure KR, ;); upstream horizontal hydrodynamic pressukddR, ,); upstream vertical
hydrodynamic pressureHdP, ,); inertial force of the body of the dam,(); resultant of the
uplift at the base between the upstream face amdithinage galleryd,, . ,); and resultant

of the uplift between the gallery and the downstréace U, ,_4).

A plane analysis is considered in the model, meptinat it must be applied to straight
gravity dams built on wide valleys. For dams préisena small curvature in pldh the
resistant portion due to the arch effect is disreégé and, hence, the results are somewhat
conservative. The use of three-dimensional modelsecommended for a more accurate
estimate. For gravity dams built on narrow valle8B,analysis may also be advisable. In this
case, the height of blocks can significantly vanyg there is the possibility of occurrence of a
relevant global effect, dependent on the existeamo@ effectiveness of shear keys in the
vertical joints, which can only be evaluated thro@fp models (Lombardi 2007).

Furthermore, the method does not take into acctwntrelative stiffness of the dam and
foundation. If the foundation is highly deformabde, if it presents a high heterogeneity, the
deformation cannot be disregarded since it inflesrnihe stresses developed on the body of

the dam (Rocha 1978).

'8 Such reasoning is also applicable to straightiraams, because an arch effect is assumed tethblished
inside the dam thickness (Herzog 1989).
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The compressive stresses installed on a gravityatanusually fairly low, below the material
strength, both for concréteand for masonry, and the same can be stated fdiumestrength
foundations, which is why, in a expedite calculaticompressive failure is not considered.
On the other hand, the tensile strength is constdas null, which is an important aspect for
the determination of the length of cracks occurianghe base, as well as for the application
of the uplift, by the iterative procedure.

A Mohr-Coulomb failure model, with null cohesionasvadopted for the horizontal plane.
Therefore, the friction angle is the only strengtitameter considered. This is justified by the
fact that cohesion is difficult to determine by exmental means and has a high variability.
Hence, most international regulations require tBe of a high partial safety factors, or
disregard it completely. On the other hand, cohesidy acts in practice when the section is
under a minimum compressive stress, so if thisa@spenot observed, it would be unsafe to
consider it throughout the entire length of thenplaunder analysis (Leclerc, Léger, and
Tinawi 2003).

Uplift is not considered as an external load, whgklvhy it is not included in the free body
diagram. Uplift is locally added to the total vedi stress to obtain effective stresses. If the
foundation has a drainage system, it is assumedhbdatter reduces the uplift, leading to a
bi-linear uplift diagram, depending on the locatadrthe gallery.

A seismic analysis method, designated as pseutlo;sim adopted, and it considers the
inertial force of the dam and the hydrodynamic @ffef water in accordance with
Westergaard’s solution. It is a simplified methbdttdoes not consider the amplification of
the value of earthquake acceleration in heightt®roscillatory characteristic, because the
resultants are applied as static loads (Priscl £085).

Data model

19 This is why the concrete dams use low strengthoazolanic cement, with economical and practicasoms,
because these cements have hydration temperadwesthan high strength cement.
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The calculations are done on a model of data dpedldrom the idealization of a discrete
medium consisting of horizontal elements (Figurg, ivhich are geometrically represented
by the corresponding axes, and defined by thesattions between planes, with upstream
and downstream faces. The element thicknessiay be chosen depending on the dam
height. For instance, from several experiences desaes ofe=0.10m have been adopted
for dams with up to 30m height and ef 0.50m for the other cases.

The structure of the data consists of the followfing parameters: length of the elemeht ),

abscissa of the centre of the elemexit)( level of the axis of the elemeny(), abscissa close
to the upstream facex() and abscissa close to the downstream fagg. Only three of these

parameters are independent, ( X;, y"), the remaining ones were introduced with the
objective of optimizing the calculations and aréed®ined as follows:

— length of the element

"= - %]

— abscissa of the centre of the element

XX
% 2

The loads presented in Figure 13 are considerdtiedevel of element, as follows (Figure
15):

— Self weight

W" = Ley™

— Upstream horizontal hydrostatic pressure

HRY, =( 2= V)V Pee e,z ¥

— Upstream vertical hydrostatic pressure

HRY, = (20— V)V (X- XY) = 2.2 ¥
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— Downstream horizontal hydrostatic pressure
HR, :(ZHP,d_ f)yage‘:’ Zpaz Y

— Downstream vertical hydrostatic pressure
HRY, =(Zpa= V)V (K= %) = Zguz ¥

— Upstream horizontal hydrodynamic presélre

Hd&”,ﬁgww (Z0= Yiouwd)( Zoum 9) & Ze2 3

— Upstream vertical hydrodynamic pressure

HAR?, = - 3y (2 Youd (2 9)( % %)= 30 3
— Inertial load
Iy =Ley™a,

In which,

y™ — Volumetric weight of the material
y*® — Volumetric weight of water

Z», — Upstream water level
Zp 4 — Downstream water level

Yound — FOUNdation level

a, — Seismic coefficient, horizontal direction

It is observed that the hydrostatic and the hydnadyic pressures acting on the face of an
element present a rectangular distribution, whimtiesponds to an acceptable approximation
for small thickness elementg ). For a given horizontal plane, the analysis isedfrom the

integration of the elements | placed above such plane. In order to achievednsistency

20 parabolic approximation proposed by Priscu (1988)Westergaard’s solution.
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of the model, the smaller the discretization thiss) the higher the accuracy of results, i.e.,

by taking as example the self weight, it is posstbl obtain convergence to the true solution:

lim> W"-W| - 0

Determination of results

The application makes possible to visualize thaghlines due to the action of self weight,
corresponding to the situation of empty reservairg to the action of self weight with other
actions. The concept of thrust line results frora graphic statics and corresponds to the
geometrical place occupied by the static resuliargach horizontal plane of loads applied
above that plane (Henkel 1943). It has an impontéaysical meaning, because it represents
the load distribution across the body of the stmee{Heyman 1995). Through its observation,
it is possible to identify tensile zones, whiclthe case of the planes in which the thrust line
is located outside the central third of the sectiurthermore, it is also possible to observe on
a graph the diagram of total and effective vertgtatsses. The total stresses are obtained in

the following way:

in which,
o — Upstream and downstream total vertical stress;

ZV — Sum of the vertical component of actitins

ZI\/I — Sum of moments due to actions;

A — Area of the base (per meter of the dam length);
| — Inertial moment of the plane (per meter of taendength);

y — Distance to the downstream and upstream faces.

21 Except for uplift, because, the latter was notsitered as an external action.
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The effective stresses are determined from totassés by adding the uplift pressure.
Generally, the uplift diagram presents a bi-lineanfiguration (Figure 16a), resulting from
the triangular diagram and from the effect of tleeluction in the drainage system. The
diagram can be updated whenever a new crack adles® to the upstream face, where the
full uplift is applied (Figure 16b and Figure 16tading to the iterative calculation of the
final length of the crack. The initial length oftlerack, for a previously defined load scenario,
is determined on the basis of the criterion of neiisile resistance. The calculation of the
final length of the crack takes into account theuagptions as follows:
- after the occurrence of the initial crack, it nisyconsidered that the drainage system
loses totally (Figure 16b) or partly (Figure 16ty effectiveness (e.g. Ebeling et al.
2000; Ruggeri 2004), and, therefore, the pressimgrain acquires a rectangular
configuration along the crack and a trapezoidatiangular configuration, depending
on the downstream water level, along the non-crhskeface;
- unlike the previously adopted strategy, the tijpifcomes part of the eccentricity and
stress calculations; otherwise it would not be fbssto establish an iterative
calculation method to simulate the progressiorhefdrack.
The factor of safety to sliding (SSF), in any hornital plane, including the base, for the

actions applied above their level, is given by:

in which,
ZV — Sum of the vertical component of actiths
tang — Tangent of the friction angle;

Z H — Sum of the horizontal component of actions.

22 Including the uplift. In this case, the effectupflift can be physically interpreted as a factoresfuction in self
weight (Serafim 1968)
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The overturning safety factor (OSF) is given by:

M
OSF: Z sta

E M
ope

Z M . — Sum of stabilizing moments;

DM ope — SUM of acting moments.

For the analysis throughout the body of the danthénvarious horizontal planes defined from
the thickness € ), the full uplift is considered for these levelgthout any reduction factor,
because it is assumed that there is no verticahaya system installed on the body of the
dam. The other actions reflect the load cases adopt

The available parametric analysis, for the selfghtiand the friction angle, refer to the
horizontal plane of contact between the dam andfdedation and to the load cases

considered, according to the hypotheses admittetthéouplift.
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(SWHHP) [MPA] ..ccoiiiiiieeieee et e e e e e e nnnnnr e e e e e e e e 49

Table 2 — Profiles proposed by Sazilly, Delocre &ahkine: Sliding (SSF) and overturning
safety factors (OSF) due to the combination of eelight and hydrostatic pressure [-]

Table 3 — Profiles proposed by Sazilly, Delocre Ragshkine: Cracking propagation and final
sliding safety factors (SSF) due self weight wittltostatic pressure.........ccccc.......... 51
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Figure 1 — Profiles of historical dams
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Figure 2 — Profile proposed by Sazilly
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Figure 5 — Standard uplift diagram without drainagstem (a) and with drainage system (b)
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Mains scientific contributions Historical Dams
1850 — D1832, F1854 - Zola (France) - H=42m, L=66m
Sazilly - 1853— [ D1851, F1856 - Parramatta (Australia) - H=12.5m3Qm
—— D1858, F1866 - Furens (France) - H=56m, L=200m
1860 1
Delocre - 1866 1s70 | D1878, F1881, C1895 - Bouzey (France) - H=23m, 562
Rankine - 1872—
1880 . .
—— D1882, F? - Vyrnwy (United Kingdom) - H=40m, L=412m
1890 + _ p?, F1891 - Eschenbach (Germany) - H=24m, L=160m
Levy - 1895—
Wegmann - 1899—1 1449

D1905, F1909 - Pathfinder (USA) - H=65m, L=132m
D - Design year; F - First filling year; C - Collspyear.

Figure 6 — Main contributions in the developmengivity dams during 19th century
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L=50.0m

——— Thrust line due SW
—— Thrust line due SW+HP
——— Kern's limits

Figure 7 — Profile proposed by Sazilly: Thrust lothee to self weight (SW) and self weight

plus hydrostatic pressure (SW+HP)
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Figure 8 — Profiles proposed by Sazilly, Delocrd &ankine: Sliding safety factors for
horizontal planes trough the dam height (self weig@kN/m3, friction angle: 45° and full

uplift condition)
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Figure 9 — Profiles proposed by Sazilly, Delocrd &ankine: Sliding safety factors for the

dam base for a self weight parametric analysist{@m angle: 45° and full uplift condition)
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Figure 10 — Profiles proposed by Sazilly, Deloand &ankine: Sliding safety factors for the
dam base for a friction angle parametric analyse (veight: 20kN/m3 and full uplift

condition)
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— —— Thrust line due SW
—— Thrust line due SW+HP
——— Kern's limits

Figure 11 — Profile of Furens Dam designed by Drelo€hrust line due self weight (SW) and

self weight plus hydrostatic pressure (SW+HP)

43



MASONRY DAMS — ANALYSIS OF THE HISTORICAL PROFILES

— —=— Thrust line due SW
—— Thrust line due SW+HP
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L=0.0m

Figure 12 — Profile proposed by Rankine: Thrust lilue self weight (SW) and self weight

plus hydrostatic pressure (SW+HP)
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HdP,, HP, ‘

HdP,,, HPy,

!

ot,g-d

u tot,u-g

Figure 13 —Loads considered in the numerical tool
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Figure 14 — Discretization scheme of the dam body
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Figure 15 — Load representation in single element

a7



MASONRY DAMS — ANALYSIS OF THE HISTORICAL PROFILES

Craked Craked
zone zone
Uncraked bas [ Craked bas [ Craked bas
T T
I I
m\/ | .
. Uplift
Uplift | | diggram
diagram } Uplift }
| diagram |
|
Drainage Drainage Drainage
courtain courtain courtain
G (b) (©)

Figure 16 — Uplift diagram for uncracked base ¢eacked base with totally damage drainage

system (b) and cracked base with partial damageatya system (c)
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Table 1 — Profiles proposed by Sazilly, Delocre Ramkine: Total and effective vertical

stresses at the base due self weight (SW) aneveadht with hydrostatic pressure (SW+HP)

[MPa]

Sazilly’s profile

Delocre’s profile

Rankine’s pitaf

Heel Toe Heel Toe Heel Toe
f’TVc\)’taI siress) 0,58 021 0.66 0.19 0.94 +0.06
?FV(\)’; 'Iftress) -0.40 055 0.41 -0.60 0.47 0.46
f’e’f\ggif’/e sress) 7010 055 +0.09 10,60 +0.08 0.46
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Table 2 — Profiles proposed by Sazilly, Delocre Baghkine: Sliding (SSF) and overturning

safety factors (OSF) due to the combination of weliight and hydrostatic pressure [-]

Sazilly’s profile

Delocre’s profile

Rankine’s pitef

w/o uplift w/ uplift w/o uplift w/ uplift w/o uplft w/ uplift
OSF 3.95 1.24 3.73 1.27 3.47 1.18
SSF 1.99 0.94 1.97 0.99 1.66 0.67
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Table 3 — Profiles proposed by Sazilly, Delocre Raahkine: Cracking propagation and final

sliding safety factors (SSF) due self weight witltostatic pressure

Initial SSE Initial crack Final crack Final cracked
length [m] length [m] base percentage
Sazilly’s profile 0.94 7.9 11.3 22%
Delocre’s profile 0.99 6.7 9.2 19%
Rankine’s profile 0.67 8.2 11.8 22%

51



